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ABSTRACT

Tils report documents work carried out in the Materials Research Laboratory of The

Pennsylvania State University on the third and final year of tile program on "Piezoelectric

and Electrostrictive Materials for Transducers Applications" sponsored by the Office of Naval

Research (ONRM under grand No. N00014-89-J-1689. This marks the termination of a very long

and highly productive se(ucnice of contracts and grants focusing on the development of new

materials for Piezoelectric and Electrostrictive transducer applications carried through under

core ONR funding. Fortunately many elements of the work will be continuing on a new

University Research Initiative (URI) program under ONR sponsorship.

llighighis of the past year's activities Include: An increased emphasis upon the

Ilextensional (nounie} type actuators. modeling both the internal stress distribution as a

function of geometry, and the very interesting resonant mode structure of the composites: A

more refined focus upon the performance of piezoelectric ceramic transducers, particularly

under high drive levels is developing with -,-ncern for the extrinsic domain and phase

boundary contributlonis to responsc. Measurement and modelling are being used to explore the

nonlinearity and the frequency response and to examine the phase partitioning at the

rhombohedral : tetragonal morphotropic phase boundary in the PZT system. Phenomena

limiting lifetime In polarization and phase switching actuators are being explored to separate

surface and volume effects and those due to grain size and flaw populaUon differences. New

work has been Initiated to examine Acoustic Emission as a technique, In combination with

Barkhausen current pulse analysis, to separate and evaluate domain switching and

microcracking in polarization switching systems.

From work on this program it has now become clear that the relaxor ferroelectrics are

it, fact close analogues of the magnetic spin glasses, so that the spin glass formalism can be

used to explain the very wide range of dielectric, elastic and electrostrictive properties. The

remaining outstanding fundamental problem is that of the detailed interrelationship between

the known nano-heterogeneity in the structure and chemistry and the nanopolar regions

which contribute the electrical response.

Of very high practical interest is tihe manner in which the relaxor can be field biased

into extremely strong piezoelectric response. Work is going forward to examine this response

in detail and to explore the possibility that such "super-responses' can be induced by chemical

(solid solution) means.

Processing studies have focused upon new lower temperature consolidations for

relaxors. and upon new compositions for high temperature piezoelectric ceramics.

In parallel with the ONR "ITansducer Program the Laboratory has extensive DARPA

sponsored research on ferroelectric thin films. Since the films structures frequently involve

materials like the PZT. PMN : PT. PLT and PIZ" families of compositions and do explore

piezoelectric effects and applications, a small group of the most relevant papers form this

program are appended to the report.
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ABSTRACT

This report documents work carried out in the Materials Research Laboratory of The

Pennsylvania State University on the third and final year of the program on *Piezoelectric

and Electrostrictive Materials for Transducers Applications* sponsored by the Office of Naval

Research (ONR) under grand No. N00014-89-J-1689. This marks the termination of a very long

and highly productive sequence of contracts and grants focusing on the development of new

materials for Piezoelectric and Electrostrictive transducer applications carried through under

core ONR funding. Fortunately many elements of the work will be continuing on a new

University Research Initiative (URI) program under ONR sponsorship.

Highlights of the past year's activities include: An increased emphasis upon the

flextensional (moonie) type actuators, modeling both the internal stress distribution as a

function of geometry, and the very interesting resonant mode structure of the composites: A

more refined focus upon the performance of piezoelectric ceramic transducers, particularly

under high drive levels is developing with concern for the extrinsic domain and phase

boundary contributions to response. Measurement and modelling are being used to explore the

nonlinearity and the frequency response and to examine the phase partitioning at the

rhombohedral : tetragonal morphotropic phase boundary in the PZT system. Phenomena

limiting lifetime in polarization and phase switching actuators are be.ing explored to separate

surface and volume effects and those due to grain size and flaw population differences. New

work has been initiated to examine Acoustic Emission as a technique, in combination with

Barkhausen current pulse analysis, to separate and evaluate domain switching and

microcracking In polarization switching systems.

From work on this program it has now become clear that the relaxor ferroelectrics are

in fact close analogues of the magnetic spin glasses. so that the spin glass formalism can be

used to explain the very wide range of dielectric, elastic and electrostrictive properties. The

remaining outstanding fundamental problem is that of the detailed interrelationship between

the known nano-heterogeneity In the structure and chemistry and the nanopolar regions

which contribute the electrical response.

Of very high practical interest is the manner in which the relaxor can be field biased

into extremely strong piezoelectric response. Work is going forward to examine this response

in detail and to explore the possibility that such "super-responses' can be induced by chemical

(solid solution) means.

Processing studies have focused upon new lower temperature consolidations for

relaxors, and upon new compositions for high temperature piezoelectric ceramics.



In parallel with the ONR Transducer Program the Laboratory has extensive DARPA

sponsored research on ferroelectric thin films. Since the films structures frequently involve

materials like the PZT. PMN : PT. PLT and PIZT families of compositions and do explore

piezoelectric effects and applications, a small group of the most relevant papers form this

program are appended to the report.
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INTRODUCTION

This report documents work carried out In the Materials Research Laboratory of The

Pennsylvania State University over the third and final year of the program on *Piezoelectric

and Electrostrictive Materials for Transducer Applications" sponsored under grant no.

N00014-89-J-1689 from the Office of Naval Research. In general the change of emphasis which

was initiated last year (ONR Report for 1990) has continued and intensified, with the group

studies moving away form purely sensing systems and toward a more balanced approach to

both sensing and actuating functions for ceramic, ceramic polymer, and ceramic metal

composite systems.

For reporting purposes, the activities have been grouped under the following topics.

1. GENERAL SUMMARY PAPERS.

2. COMPOSITE MATERIALS.

3. PIEZOELECTRIC CERAMICS.

4. PHENOMENOLOGICAL STUDIES.

5. RELAXORS AND RELATED SYSTEMS.

6. PROCESSING STUDIES

7. FERROELECTRIC THIN FILMS.

Following precedent established over more than fifteen earlier reports, the report will

present a brief narrative description of the work making reference for details to the published

studies which are appended as technical appendices and form the bulk of the document.

Over the past year we have combined a continuing emphasis on the research topics and

advances necessary to maintain leadership In the area of Transducers with the need to bolster

the educational background for people who will soon be driven to using active mechanical

systems to maintain a competitive position. In the Second International Summer School on

Ferroelectrics. L. Eric Cross gave the opening address summarizing many of the techniques in

Ferroelectric Ceramics for tailoring properties to specific application and R. E. Newnham gave

the closing address on Smart Ceramics. For the ADPA/AIAA/ASME/SPIE Conference on

Active Materials and Adaptive Structures the Penn State Group (Cross, Newnham and Uchino)

gave a full one day tutorial on piezoelectricity in crystal and ceramics and the application of

piezoelectrics to Actuator Structures. The Gordon Conference on Ceramics was organized

around the possibility for engineering super response, with Cross opening the proceedings.

Perhaps a rather clear indication of the dominant position which the Penn State Group has

achieved in electric ceramics is the fact that at the upcoming 94th Annual Meeting of the

American Ceramic Society, Cross will give the Orion Lecture and at the same meeting

7



Newnham will follow with the Sossman Lecture. These educational ventures are of course a

subsidiary but Important contribution enabled by the continuing ongoing ONR support.

In the technical area, the continuing trend has been to increase activity relevant to the

material systems most Important for Actuation both for single phase and composite families.

For larger strains at lower forces than bulk ceramics, the flextensional (moonie) offers an

almost ideal intermediate between solid ceramic and current bimorph structures and the

combination of the Moonie with a multilayer co-fired element offers 50 g meter strain at low

control voltages.

For the I : 3 composites which are becoming increasingly important for large area

actuation, new exact solutions for the strain behaviour are being formulated but these are not

yet published and will be reported next year.

Concern for the behaviour of both piezoelectrics and electrostrictors at the high

continuous drive levels necessary for many actuation functions is being addressed by studies to

separate surface and volume effects, grain size related effects and the role of the flaw

populations in limiting cycle lifetime. New work has been started to compliment these

approaches by using acoustic emission analysis in conjunction with Barkhausen pulse

analysis to attempt distinction between noise associated with domain switching and that

associated with micro-cracking. Extrinsic contributions from domain wall and phase

boundary motion which become important in all piezoceramics at high drive levels are being

explored both experimentally and theoretically, measuring nonlinearity and frequency

dispersion and by extending Arlt's I model for the domain contribution into the nonlinear

regime.

Work on the relaxor ferroelectrics continues to further substantiate the analogue to

spin glass behaviour in magnetic systems, and the full panoply of the spin glass formalism is

being used to describe the material properties. A major developing interest is in the detailed

origin of the exceedingly large induced piezoelectric effects in polarization biased

electrostrictors and in the exploration of systems combining end members with relaxor and

ferroelectric properties.

Processing studies continue to explore different techniques for generating fine powders

of conventional perovskite ferroelectrics. More recently however the ultra high Curie

temperature strontium pyroniobate family is being examined and hot forged grain oriented

samples of La2Ti2O7 have been produced. The objective is to develop piezoelectric materials

with very wide working temperature range.

The ferroelectrics group in MRL is also involved in a significant program under DARPA

sponsorship to produce thin films of ferroelectric materials. The composition of interest

8



embrace the perovsklte PZITs. PTs. PLTs and PLZTs and though the emphasis is upon

generating switchable compositons for nonvolatile semiconductor memory. it is necessary to

know the piezoelectric response and its potential problems and applications. For

completeness a small selection of the papers most relevant to the piezoelectric behaviour is

also appended.

LO GENERAL SUMMARY PAPERS

In a very broad ranging survey (Appendix 1). Eric Cross explored dielectric.

piezoelectric. pyroelectric and electro-optic applications of ferroelectric ceramic. introducing

the week long deliberations of the Second International Summer School on Ferroelectrics in

Ascona, Switzerland. The primary focus was on dielectric and piezoelectric systems and

introduced much of the effort ongoing in MRL. particularly on this ONR program to tailor

properties for these specific applications.

For Advanced Ceraiics (Electronic) Newnham (Appendix 2) covers a wider range of

topics including magnetics and semiconductors, however the focus on techniques for

multilayer systems is important In the context of the actuator studies.

2.0 COWO TE MATERIALS

Tuneable Transducers (Appendix 3) by R. E. Newnham highlights the possible

application of nonlinear properties to smart and very smart systems. The focus is upon the

relaxor ferroelectric and the tuning of the piezoelectric response under DC field bias.

The article on Composite Electroceramlcs (Appendix 4) by R. E. Newnham gives a

general Introduction to the Important controlling parameters. highlighting the roles of

connectivity, symmetry and scale in determining a wide range of properties. For systems

Involving transport, the Important of percolation and the percolation threshold are

introduced and polychromatic percolation is briefly discused.

Tuneable Transducer for Smart Materials (Appendix 5) by Michael Blaszklewcz and R

E. Newnham deals with the possibility of using an elastomer under mechanical stress to

control compliance in a composite. and thus to tune the resonant frequency of a composite

resonator. Electrical tuning was introduced by incorporating a piezoelectric actuator stack to

generate the modulating stress.

The paper on Piezoelectric Composite with High Sensitivity and High Capacitance for

Use at High Pressure. by Xu. Yoshikawa. Belsick and Newnham (Appendix 6) underscores the

advantages of the flextensional (Moonie) structure in providing high dh. high gh.

high dhgh/tan 8 large capacitance and low tangents 8 In combination with the robustness

9



required for deep submergence. Ceramic Metal Composite Actuators by Xu, Dogan. Tressler,

Yoshlkawa and Newnham (Appendix 7) examines the flextensional moonie as an actuator and

points up the excellent motion amplification which can be achieved in this system.

30 1i OE CTIC CERAMCS

From dielectric measurements the work by Q. Y. Jiang. W. Cao and L. E. Cross on the

"Effects of Surface Layers on Physical Properties of Lanthanum Doped Lead ZIrconate Titanate

Ceramics" (Appendix 8) uses the effects of changing sample thickness to delineate clearly a

nonferroelectric layer on conventional ground and polished samples, the manner in which

this layer can be removed by etching and through post annealing the separation of the effects of

pure capacitance padding and of the two dimensional stress generated by the processing.

The importance of the electrode sample interface is further stressed in the paper on

The Influence of Surface Contamination on Electrical Fatigue of Ferroelectrics" by Jiang. Cao

and Cross (Appendix 9) which shows the importance of an exceedingly clean ferroelectric

surface in relieving the switching fatigue for polarization reversal and large strain switching

in 7: 68: 32 PLZT.

These fatigue effects are summarized in the paper by Cross and Jiang on Fatigue Effects

in High Strain Actuators (Appendix 10) which underscores also the importance of small grain

size and pore free character (optical transparency) in reducing fatigue effects so that saturated

polarization switching may be extended to - 109 cycles.

Our intention is to use Acoustic Emission to explore polarization switching in PZrs. In

preparation for this study more conventio,,al AE has been explored in the paper Acoustic

Emission in Ferroelectric Lead Titanate Ceramics : Origin and Recombination of Microcracks

by V. Srlkanth and E. C. Subbarao (Appendix 11). Here heating and cooling through Tc has

been used to Initiate the cracking in Niobium modified lead titanate. The method was also used

to confirm the healing of microcracks as had been postulated much earlier by Buessem.2

The following six papers deal with aspects of the behaviour of Lead zirconate titanate

ceramics. In the discussion of the MPB in the PZr system M. Fukuhara. A. S. Bhalla and R E.

Newnham look at the general considerations which suggest that the phase change is driven by

polarizability differences and by the coupling to the elastic strain field (Appendix 12).

A three dimensional Landau-Ginsburg model Is constructed by Cao and Cross to develop

a Theory of Tetragonal Twin Structures in Ferroelectric Perovskite with First-Order Phase

Transition* (Appendix 13) and a quasi one dimensional solution obtained for 180" and for

change neutral 90" twin walls. The elastic deformations and dimensional changes associated

10



with the twin structures are delineated in the parameters of the model and the Implications for

piezoelectric effects in ceramic ferroelectrics are discussed.

In the two papers of Appendices 14 and 15 Shaoping LI. W. Cao, R. E. Newnham and L. E.

Cross examine the extrinsic nonlinearity In lead zirconate titanate ferroelectric ceramics.

Appendix 14 presents preliminary experimental evidence to confirm that the nonlinearity of

the poled ceramic is extrinsic and uses an extension of the model by Art and co-workers 3 to

describe the nonlinearity. Appendix 15 gives a more complete treatment of the problem. The

analysis traces in more detail the origins of the loss and explores the influence of high driving

fields upon the resonant frequency of the poled ceramic.

The inhomogeneous stress and field distribution in the vicinity of a Griffiths type III

crack tip in a piezoceramic is explored by LI. Cao and Cross in Appendix 16. The paper tackels

the rather straightforward problem of a type I crack along the xi axis extending through the

ceramic in x3 which is the poling direction. Stress intensify factors are worked out for fields

applied along x2 and for shear stress applied 032. Clearly in this configuration the effects of

stress and field can add or subtract depending on the sign of the field.

4.0 PENU OLOGICAL STUDIES

In observations on thin films structures carried out In Hitachi Laboratories for

epitaxial PbTiO3 films, a rather massive (50"C) shift of the apparent Curie temperature was

observed for certain preparation conditions. Appendix 17 describes a straightforward

application of Devonshire Theory by Rossetti and Cross using values for PbTI0 3 delineated in

this Laboratory to suggest that the origin may be in a two dimensional effective compressive

stress -400 MPa. which has little effect upon the room temperature values of piezoelectric or

dielectric properties.

From a very careful x-ray and phenomenological study in the Pbl1xLax(Zro.65T1O.35)

I-x/40 3 system Rossetti. Nishimura and Cross (Appendix 18) came to the very Important

conclusion that in this PLZF system the Tc as determined from Landau-Ginsburg-Devonshire

Theory is J of the lanthanum concentration, and that the apparent shift of the

dielectric permittvity maximum is associated with a freezing in of dynamical nanopolar

regions which originate at this interpreted LGD Curie temperature. The analysis gives

additional support to the earlier assertion by Burns et al. that the onset of polar micro regions

in PLZT is not affected by the Lanthanum content but does suggest that the so called Burn

temperature is not associated with a static dipole. but with the onset of conventional

ferroelectric ordering In regions which are of a size to be unstable against thermal vibrations.
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A problem which has not here-to-fore been effectively considered is that of how the

rhombohedral and tetragonal phases at the morphotropic phase boundary should proportion

themselves. In Appendix 19 Cao and Cross show that the lever rule which is frequently used is

completely Invalid for the PZT case and that n fact the width of the co-existence region is a

function of the domain (crystallite) size. going to zero for macroscopic dimension.

5.0 RELAXORS AND REUAITZ SYSTES

An excellent account of the complete experimental data which forces the conclusion

that the relaxor ferroelectrics are spin glass systems is summarized in the thesis in Solid State

Science by D. D. Viehland. The abstract for the thesis is included as Appendix 20, the full thesis

s now available through University Microfilms.

The papers published on the analysis of dielectric relaxation In Lead Magnesium

niobate in terms of the Vogel-Fulcher relations is given In Appendix 21, the anelastic

relaxation and its close correLtion with the dielectric response in Appendix 22 the bias field

dependence of the dielectric response and its relevance to the local polar configurations is

discussed In Appendix 23 and the analysis leading to the conclusion that lead magnesium

niobate Is a spin glass is detailed In Appendix 24. In several senses this work does we believe

put the capstone upon more than 20 years of continuous study of the dielectric response in what

have come to be called the relaxor ferroelectrics.

The Tungsten Bronze structure family is an Important group of oxide ferroelectrics with

structures based on corner sharing oxygen octahedra and the frequent occurrence of

interesting ferroelectric and relaxor ferroelectric properties. The structure is more complex

than the perovskite and of lower symmetry (tetragonal 4/mmm prototype) but again the

crystals have high permittivity and strong piezoelectric effects. A composition family of

special interest is the solid solution between Lead metaniobate and barium metaniobate (PBN).

Appendix 25 reproduces the abstract from the PhD thesis In Solid State Science by Dr. Ruyan

Guo which involved a very comprehensive study of the PBN solid solution family. The work

was submitted to the Penn State Campus wide Xerox awards committed and Judged to be the

best PhD thesis submitted in 1991.

PBN is one of the most interesting bronze solid solution systems since it embraces a

morphotropic phase boundary at the composition Pb0 .6 3Ba0.3 7Nb 2O6 separating a phase with

orthorhombic and a phase with tetragonal ferroelectric domain state symmetry.

Ruyan's studies have clearly delineated the nature of the MPB and the orientations of

the polar vector in the tetragonal and in the orthorhombic ferroelectric phases (Appendix 26).

It is most interesting to note that both tetragonal and orthorhombic phases show relaxor

12



ferroelectric character for directions perpendicular to the dominant polar vector direction so

that one must conclude that In these solid solutions there is a nanostructure within which the

true symmetry is monoclinic and the polar vector tilted slightly away from the high symmetry

direction in the domain. A further complexity in the PBN system is the occurrence of

Incommensurate ferroelastic displacement structures (Appendix 27) which can have lock in

phase transitions even above the ferroelectric Curie temperature.

The relaxor PbScl/2Tal/203 in the perovskite structure family is unique in that by

ordering the Sc/Ta cations on the B site of the AB03 structure using thermal annealing it is

possible to go continuously from well defined relaxor response to a sharp first order

ferroelectric phase change. Extensive studies by Dr. Jayne Giniewicz of the system

PbSIi/2Tal/203 : PbTIO3 are summarized in the abstract of her PhD thesis in Solid State

Science which is included as Appendix 28. It is interesting to note that the region in which

ordering may be changed by annealing only extends up to 7.5% lead titanate in the solid

solution, but that for compositions between 0.4 and 0.45 mole% PbTIO3 a morphotropic phase

boundary occurs to a tetragonal ferroelectric region.

Pyroelectric studies of compositions in the variable order region up to 7.5 mole% lead

titanate (Appendix 29) show very high sensitivity and properties which may be most

advantageous for thermal imaging systems. It is evident that combinations of relaxor

ferroelectrics with strong ferroelectric phase can give both interesting piezoelectric and high

sensitivity pyroelectric properties. Studies of the polarization behaviour in lead magnesium

niobate : lead titanate solid solutions shows that high figures of merit can be achieved

(Appendix 30).

6.0 PROCESING STUDIES

For the lead magnesium niobate : lead Utanate solid solution system it is interesting to

explore how the processing temperatures can be modified by glass additives (Appendix 31).

Studies by Srlkanth and Subbarao suggest that high density perovsklte structure compositions

can be densifled at 800C to yield dielectric properties which could be most interesting for thick

film capacitors.

To expand the range of ferroelectric properties to higher temperature, exploratory

studies are being carried out upon the Strontium Pyronlobate family of ferroelectrics. The

production of powders and of grain oriented ceramics of La2TL207 is reported in Appendix 32.

Excellent low loss dielectric response is achieved and there is clear evidence of strong grain

orientation. Studies are now being extended to explore possible poling methods to achieve

piezoelectric response.

13



Two studies relevant to the production of ultra fine Lead titanate powders by

hydrothermal methods have been accomplished. In Appendix 33 the effects of pH and of H2 0 2

upon the crystallization of Lead titanate in a hydrothermal environment are delineated and in

Appendix 34 the kinetics of the hydrothermal crystallizations are explored and conditions

delineated which permit the growth of uniform crystallites in the size range from 750 down to

20 nanometers.

Two studies have examined the possible use of the new Yttrium barium cuprate

superconductor in its metalic phase above Tc as an electrode material for ferroelectric

transducers. Appendix 35 reports studies of thick films of YBCO on PZT, PMN : PT and Barium

titanate using conventional firing. In all cases these was evidence of interaction between

electrode and ceramic with the minimum adverse effect in the PZT family. Extension of these

studies using rapid thermal processing Improved matters significantly (Appendix 36) yielding

strongly adhering coatings with performance identical to gold electrodes on PZT, but still some

adverse reaction with PMN : PT compositions.

To improve the performance of the oxide electrodes a new search was initiated for

sintering aids which could lower the temperature for densification of PZT. Based on these

studies a new family of fluxes has been discovered which permit densification at 950"C without

loss of properties. These fluxes are now the subject of a patent disclosure and the publication is

held up whilst this is being processed.

7.0 FERROCELECTRC THIN FRA

Five short papers which stem from work outside the ONR contract are included because

of their potential interest and relevance to transducing structures.

In Appendix 37 it is shown that high permittivity PMN : PT solid solutions can be

deposited by sol-gel spin on techniques onto platinum electrodes on silicon, which would havw

interesting potential as field switchable piezoelectric micro-actuators.

In the PbZrO3 - Pb(Znl/ 3Nb2 /3)0 3 solid solution system compositions close to. but on

the ferroelectric side, of the antiferroelectric : ferroelectric morphotropic phase boundary have

been fabricated in thin film form by sol-gel spin on processing (Appendix 38). The excellent

hysteresis and low coercivity suggest strong piezoelectric response and the possibility of high

strains in antiferroelectric : ferroelectric switching. Such switching compositions have been

realized in the PbO.97LaO.02 (Zrl.x-yTixSny)O3 perovskite (Appendix 39) and do show the

expected high strain associated with induction of the ferroelectric phase.
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Use of the piezoelectric response in conventional PZT thin films to produce micro-

versions of the flexure surface wave piezoelectric motor are discussed In Appendix 40. and the

possible application of such motors, to microrobots in Appendix 41.
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L. E. Cross, R. E. Newnham and K. Uchino (invited). "Piezoelectric and Electrostrictive
Composites Actuators," R. E. Newnham. Q. C. Xu and S. Yoshikawa.

24. November 13. 1991. "Smart Materials." R. E. Newnham, Materials Research Society,
Pittsburgh Chapter (invited).

25. November 14, 1991. "Recent Advances in Packaging Materials," R. E. Newnham, Alcoa
Research Seminar (invited).

26. February 3-5, 1991. *A Dipolar Glass Model for Relaxor Ferroelectrics." D. Viehland. S.
J. Jang. M. Wuttig and L E. Cross. Lehigh/ONR Workshop on Fundamental Experiments
in Ferroelectricity. Williamsburg, VA.

27. "Twin Structures and Their Contributions to Piezoelectric Effects in Ferroelectric
Ceramics." W. Cao and L E. Cros

28. February 19, 1991. "Relaxor Ferroelectrics. L E. Cross, Arizona State University.

29. September 2. 1991. "Ferroelectric Ceramics: Tailoring Properties for Specific
Applications," L. E. Cross, 2nd International Ferroelectric Summer School. Ascona.
Switzerland (invited).

30. October 30, 1991. OPhotorefractive Fibers," L. E. Cross. DARPA Eye and Sensor
Protection Review, Arlington. VA.

31. Marclh 26, 1991. "Sensor and Transducer Material at Penn State MRL," J. Dougherty,
Ford Motor Co. Electronics Technical Center (Invited).

32. August 7, 1991. J. Dougherty, Seminar at General Motor AC Rochester Technical Center.

33. September 4-5, 1991. J. Dougherty. ARO Workshop on Smart Materials for Resliant
Structure, Research Triangle, NC.

34. September 6. 1991. 'Piezoelectric Transducer Materials." J. Dougherty, EPRI Workshop.
Washington. DC (invited).

35. October 14, 1991. 'Electronic Ceramics at MRL," J. Dougherty. Seminar to Lord
Corporation. State College. PA.
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Ferroelectric oxide ceramics are used in a very broad range of functional
ceramics and form the materials base for the majority of electronic applications.
These electronic applications account for more than 60% of the total high technology
ceramics market worldwide. I It is the purpose of this tutorial paper to examine the
range of physical properties which make the ferroelectrics attractive for electronic
applications and the techniques which can be used to modify. control and optimize
these fainl of properties.

Major applications can be divided into five distinct areas which draw upon
different combinations of properties.

Dielectric applications make use of the very high dielectric permittivty ey. low
dispersion and wide frequency range of response for compact capacitors in multilayers.
thick and thin film forms.2 Nonlinear hystertc response is of interest also for thin
film nonvolatile eI utor memory.3 and high permIttvIty films are of interest
for local capacitance in high count DRAMS and both on and off chip in packagng. 4

Piezoelectric and Eletrostretive responses In poled and unpoled ferroelectric
and relaxor ferroelectric compositions are of Importance in Transducers5 for
converting electrical to mechanical response.6 and vice versa.7 Sensr applications
make use of the very high piezoelectric constants dqk of the converse effect, which also
permit efficient conversion of electrical to mechanical response. For Actuation the
strong basic e-ctr otrictive coupling can be exploited for very high precision position
contn and the po&s lityof -pbe and domain switching with shape memory used in
polarization controlled actuaton. 10

Pyroelectric system rely upon the strong temperature sensitivity of electric
polarization |dPs/d).11 the pyroelectric effect in ferroelectrics. for the bolometric
detection of long wavelength Infra red (IR radiation. 12 Simple point detectors are
widely used in domestic and industrial applications,13 and there is now a strong focus
upon I systems which may be used for nigh vision 1 4 and for thermal-medical

P.T.C. semiconductors are a specialized area of application In which the barrier
to charge transport at the ceramic grain boundary in specially processed barium
titanate base ceramcs is controlled by the polarization state of the ferroelectric, 16

giving rise to an extremely strong positive temperature coefcent of resistivity (PrCR
effect) controled by the Curie point of the ferroelectric compositi 17

In Electro-optic applications the properties of interest are the high quadratic1 8

and linear19 electro-optic coefficients (rjk. gop) which occur in ferroelectrics and the

1



manner in which these can be controlled In modulators. 2 0 switches. 2 1 guided wave
structures and photo-refractive device. 2 2

In this tutorial, the dielectric. piezoelectric and electrostrictve applications
will be the focus, but the techniques examined to modlif and improve properties wil
also be valid for many of the other material needs.

Considering the nature of the properties to be optimized two important features
will be stressed. Fitly the interest Is in bulk, lattice properties controlled largely by
the crystal structure of the ceramic. Secmndly In every case It s augmented compliance
(softness) which As of Interest. in contrast often to the structural ceramics where it Is
suffnesses which must be augmented. It follows then that Instability of the lattice will
be of importance. since this engenders compliance, and thus phase changes which are
the finger prints of instability will be of major Importance. Frequently to improve
properties then, we are looking to exploit and control solid state phase transitions.

Clearly a bounding condition Is that the crystal structure must permit
ferroelectricity in a useful region of temperature and pressure, and must be of a type
which can be exploited In the simple polycrystal ceramic form. In fact, all of the
structures of interest are based on regular arrays of oxygen octahedra, and the simple
peravalite structure Is certainly the most widely used.

2.0 VmtrMTEIS OF DIZItaS

The interesting oxygen octahedron structures which show strong ferroelectric
properties with high usable temperature ranges are all based upon corner linking of
oxygen octahedra. The simplest arragement Is the very well known perovakite
structure Fig. 2.1 where the octahedra are linked in a regular cubic array forming the
high symmetry ma3m prototype for many ferroelectric forms. The small 6 fold
coordinated site in the center of the octahedron Is filled by a small highly charged (3.4.5
or 6 valent) cation and the larger 12 fold coordinated 'Interstitial' site between
octahedra carries a larger mono. dl or trivalent cation, or Is empty as in W03 .

The perovskite structure Is a comm stable form for many double oxides, but
ferroelectric-ty was not discovered In the family until the early 1940s when Wainer
and Solom-- 23 In the USA, Ogawa; 4 in Japan and Wul and Goldman5 in the USSR
made almost simultanous discovery of ferielectricIty In barium titanate Ba703. The
US study was part of a 'crash' program during World War 11 to discover a ceramic
substitute for mica which was being exhausted by rapildly escalating military needs. It
s perhaps interesting to note that DaT%~ which was the highlight of these early studies
is still the base for the comp of most of the world's ceramic capacitors. An
Wnterest I documentation of early work In Japan has been carried forward by Murata

Company and is now available in book form-M for those well versed in the language.
Perhaps now it may be possible to catalogue more completely the Soviet contribution to
complete the early history of the Utanates. Structural Information for a very broad
range of perovskites is available in the early book by Galasso.2 7 which is now being
revised and updated. Certainly the most complete trustworthy cataloguing of
ferroelectric oxide perovekites Is given In the Landolt Bornstein VoL 16a on oxide
feizoelectzics. 2 8 This tabulates more than 100 perovailte compounds and Inumerable
solid solutions between compounds.
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Fit 2.1 The unit cell for a typical cubic perovsulte barium titanate In the cubic Pmm
prototypic phase above Tc.

b
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Fg 2.2 Projection down the c(3} ai of a un/t cell In the ttmgstenl bronze stucture.
Site locatloim aiwmed and the stutr related formula Is gien. Rman
supesrit mark the corinton of'the ions at each sie location
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Of major Importance In ceramic dielectric applications are BaTIO3 and solid
solutions with SMO3. PbT103. BaZrO3. BaSnO3 . CaTlOs ....... and a range of bismuth
oxide based modIfters. In pleoectrics the higher Curie points in the PWbO3:PbZrO3
solid solutions and the unusual ferroelectric phase makeup are vital and in both
dielectric and electrostrictive application the Pb(BIB2)O3 mixed cation compoitons
are becomIng of Increasing Interest where BI may be Fe. NI. MS. Zn..... and B2. TI Zr.
Nb.Ta.W.... etc.

In current electronic ceramic applications only perovskite structure
compositions are used. however with increasing sophisaon in ceramic processing t
is probably that strongly grain oriented structures may become practicable. The newer
thin film structures also provide avenues for orientation using topotactic
configurations on suitable substrates, so that ferroelectrics from lower prototypic
symmetries may become of interest in ceramics.

The next most versatile structure family are the Tungsten Bronze structure
ferroelectrics with the octahedron arrangement in fig. 2.2 . The rotations of the
octahedra evident in the ab plane of the structure in 2.2 reduce the point symmetry to
tetragonal (4/mmm) with layers stacked in regular sequence along the 4 fold (c) axis.
The arrangement distinguishes two inequlvalent 6 fold coordinated B sites at the
centers of inequ valent octahedra with 5. 4 and 3 sided tunnels for the A site cations
extending along the c axis givng the structure related formula for the bronz

Xl( XV IV V V1
(A1)2 N; C4 (B1)2  030.

The bronzes are a very rich family of oxide ferroelectrics with Curie
temperatures reaching up to 560"C and more than 85 compounds in the most recent
survey.2 9 Again there is very edendve solid solution between end members3 o and the
open nature of the structure as compared to the perovakite permits a very wide range of
cation and anion su t ons without loss of ferroelectriciy.

The bismuth oxide layer structures for which B14TI1Oi 2 is the prototype are
depicted in fig. 2.3 and have structures based on corner linked perovakite like sheets.
sparatedbyLuth oIde (DI2O2)IaM a Cnsonswih 1.2.3.4and5 lyers
are known and there is limited mutual solid soubMlt.32

The lithum rrobate structure is really a variant of the perovskite fg. 2.4 and a
much more restrictiv arrangment so that only LNbO3. LfraO3 and a very limited
range of solid solutions bused on these compounds have this form.

In what follows, the discussion is centered on systems with the perovskite
structure.

s0 P3A33 TUANrIOS -I- 9 PEROVSmr

Three different types of phase transitions are of interest in the perovskites,
starting from the highest symmetry cubic form.

Simple proper ferroelectric transitions leading to fully ferroelectric partically
fezoelastic spece

4
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FIg. 2.3 One half of the tetragonal K4/mi unit cell of PbBl2Nb2Og. A denotes the
pervaktedoubie bowe(PbNb2O7)2-; B denotes a hypothetical PbNbO3; C

denotes the 031202)z+ brv

O NO" w US'

PXg 2.4 structure of ferioeectrlc LM03 and LffaO3 (40).
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* AntifcrodcltriC trantions ciose in free energy to the ferroelectric forms. givin
riet Ueregzng dielctri and to improper ferroelastIc species.

" Oxyge octahedronl tilting trunsitions which can occur independently. or in
association with either ter oclec~tric or antiferroclectric forms.

5.1*eH~ ?WO@S hI o w TraUMOM~i

Most important for their profound influence on the dielectric polarizability and

the Ttsiultaml sequence of polar variants, are the simple proper ferroelectric blansitions.

in the symmetry CU.s- l&a-f 8fA ~ ~ ado hvlv the high syrmmetry

cubic in3n prototype can pie rise to aft different polar species (Table, 3. 11. Te vector

directs of polariztion which are specifted with respect to elements of the prototype

syummetry form the domatin states of the ferroelecttic form in each case giving 6. 12.8S.

24. 24 and 48 domain, polariintn directions respectly.
TABLE 3.1

Fenroeectric phase transitions possible from the cubic m3m. prototype
following the symbolism of Shu"alo.

Ehm S nzleta PgIpni4zatiot1 Cmpnents Shuvalnv SpecieS

Cubic m3m Pt Z P2 = PS3 0 Prototype

Tergortal 4mm Pj ; 0 P1 P330 m3m(3)D4F 4 rUU1

Orthorhombic =2 ~ S Pj *0 P30O m3m(6)D2Ftnm 2

Rhombohednil 3m I~P P* m3m(4)D3F3mf

Monoclinic In rf*P1i~ I-W0 m3m(12)A4Fin

Mo0CMcii III pf P3*0 P3*0 fl3ml(12)A2Fm
PI * P1

Tncic 1 Pff* Pi * P * 0 m3i(24)AlP
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clearly for a randomly axed polyerystallne ceramic form, the more switchable
domain states, the easier it will be to "thread" polarization through the sample.
Surprsoloy however, even though permitted by symmetry. there have been no cases
reported of transitions into monoclinic or triclinic symmetries In the perovskites even
though such states would be higly advantageous for ceramics.

In many instances the ferroelectric variant is not stable over the whole
temperature range below the first ferroelectric Curie point transition and the structure
may go successively into lower symmetry species. The sequence of transitions in
barium ttanate, which is the base composition for most dielectric applications Is
shown In fig. 3.Ia. Successive transitions on cooling take the domain symmetry to
tetragonal. orthorhombic and rhombohedral. A very simple Landau type theory has
been ven by Devnshir 37 '38 which gives an elegant phenomenolcgcal description of
the phase transitions, polarization states, dielectric and elastic properties and the
shape changes ficted In fig. 3. 1b.

&2 Octahedrd Tnli Phase Tmmitms

In many perovskites. particularly those with smaller A site cations. the net of
orthogonal corner linked oyen octahedra "crumples* at lower temperatures. The
octahedra remain corner linked and adjacent octahedra thus must contra rotate
fig. 3.2. Rotations can take place around any of the three 4-fold axes so that formally
the tilt structures may be treated phenomenologically (using the tilt angle 0 as the
appropriate order paramete. 3  Since the tilts necessarily carry stroagly coupled anti-
polar o3ygen dIsplaement effects on the bty of the lattice are not strong.
however the displacements are shape changin and thus give rise to Improper
ferroelastic domain structures. Emellent compact classifications of the possible tilt
system have been ven by GOUer4 (see fig. 3.3) and by Aemadrov. 41

3. AtUlhnesUk Pham Ttmntatm

In certain perovalktes the dielectric flngerprint" in the prototypic high
temperature phase suggest Increasing compliance with decreasing temperature. the
signal for a lower temperature fenoelectICty. However the phase transiton is into a
nonpolar form with antipolm dIsplacemens of the normal ferroactive cations at the
unit cell level. As with the polar forms. the antpolar displacement are strongly
coupled to the crystal shape so that in symmetry, the domain states are a sub group of
the Improper f For electrical purposes only those antIferroelectrics which
are close in free ieru to alternative ferroelectric forms are of interest especially In the
special case where the eneru difference can be over ridden by a realiable electric field.

Sodum niobate and Lead zirconate are two well documented antiferoelectrics
where hih field switching to the ferroelectric form has been well authent42ated. 4 3
However the list of "card carryln( perovskite antferroelectrics Is still short and the
subject merits additional study. It would be indeed useful to remove some of the
question marks which 'dog current lists of ana com (g. 3.4).
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FIg. 3.1 Sequence of phases which occur on coollW a BaTIO3 crystal from high
temperature. (Figl. 3. is) Unit cell dime .ns and orlentation el" Pa vector In
each phase. (Fig. 3.11b) Unit cell dimensions as a function of temperature
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Fig. 3.2 Oxygen octahedral aranmgements in an untilted structure aOaOaO: xygen tilts
In a co-titled c axis rotated structure aOaOc + and tn a contra-rotated layer
sbmlre aOaOc. Notation due to A Olaser.
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Ciniplete list Of Poussilik iiple tilt s,enu

Sel laI Iatice Mulliple Klelnive psetublic
nuit4'e Symbol cculiing CCU? ilmmbmxl Paramr~bers Space stoup

(1) a'b'Cl 1 2a, x 2h, x :c,, d 6FA imneM (No. 7 1)
12) a 'b*b I lo 0 P e h1101 (No. 71)
13) #1 l a' 6 limeS~r1# (No. 204)
14) a " h C- P#F t1 P PmnmIn (No. 59)
V5) 4,'- P emi ;h,,14 r P'nr r(No. 59)
(6) dol- P a h e Poneff (No. 59)
(7) a ,to ua P vPrMbPMr, l'nhnin (No. 59)
(3) a'-- A a, 0 bp 0Ctif p90 A2,/ml I (No. 11)
(9) nA aPmI~viCP4a09l? A2,lei I (No. 11)

(10) n'I- b A .e#bpmerayI90 Ansb Mo.2)*

(121ai)C F nlIbvO#e4OIP$7$90 Fr (No. 2)
(13) dnb-b F 4,ib~hmC~eaj9P?,i90* 121. (No. 13)"
(141 aa. F- aPmb~wC,.mw,fmj'9 Me(No. 167)

2-1ilt systems
(IS) o1 2op x 2hx 2t, a -Cl'&0C, lmunn (No. 71)
(16) On 6h I :- .,b - C, 141m (No. 781
(17) C- If -,c boviep OMMb (No. 43)
(IS) ab' ,* .'bp -co Oneb (No. 631
(19) d~-- F 0, -Ch9 , CR '90* M2mu (No. 12)
(20) t~-- F OP..es.o Imcm (No. 700

W-ilt systems
(21) nete4  C Up x 2h x c, fimpcC41mmb (No. 127)
(22) .aac- F 2a, x 2b, x2c, OF M , -CFAlim (No. 140)

Zero-tilt systemt
(23) 49es P no X o ,m.b,m, Pueim (No. 221)

I hese space groCup symibols refer to axes chosen according to live matrix Itansforrnalion

Fig. 3.3 clsiiainfor zero. one. two and three tilt systems after A Glase.
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Phase-tnansitton

temperature
Compound Formula a

Displaciwe antiferroetectnics
A. Perovskite structure

Lead zirconate PbZrO3  230. -228
Sodium niobate NaNbQ1  -480, 354, -200
Lead hafnate PbHfO3  215, 160

Bimuth fite? BiFsO3 ~-850.-400.-200

Silver niobate' AgNbO3  325, 550
Lead stannace? PbSnO 3  -400

Lead magnesium tungstate PbMg1 2 W1I,0 3  -38
Lead nickel hugsate Pb4NI 1,1WI4 03  17-160
Lead cobalt tungstate PbCo ,2 w 1403 -30, -20. -306
Lead cadmium tungstate? PbCd 1 12  0 -400, 100
Lead ytterbium niobate PbYb,. 2 Nb1,203  -310. -160
Lead ytterbium tantalate? PbYb1 j1a,.,,03  -290
Lead lutecium niobate? PbLu, '4b,.,0 3  -280

Lead lutecium tantalate Pb Lu , 2 Ta , 20 -270
Lead indium Wobate? PbI 1 Nbj,2 03 -90
Sodium bismuth titanate? Na41,2 Dii,2 Ti0 3  200.320. 520
Lead ferroufnate? PbFe2li, 130 3  '--100
Lead manganese tungstate? ?bMn1,2 W1,203  -1S0
Lead manganese tuntsate PbMn2-I W,303 200. -70
Lead galium niobate' ft.GaNbOs -100
Lead bismuth niobate' Pb. UN bOG -3
Lead manganese ritoenare' PbMn, .Rc,..03  -120. -170
Lead cobalt rhoenate? PbCot,2 1te 11 03 -130

FIg. 3.4 Anitferroelectric perovskites.

6, I. IS

Fig. 4.1 Hysteresis In single CrYSt BaTIO3 welcted to be without 90' domains.
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The ezurma which occur in the dielectric, pyroelectric. elasto electric and opto-electric
properties of ferroelectrics at temperatures close to the phase transitions take the
properties nto exceedingly interesting and practically important ranges. It is thus
important to explore the mechanisms which can be used to modify and control the
transition behaviour.

In the perovsklte system, five types of control are important:

" For solid solutions, the phase transition temperatures often change continuously
with composition so that in homogeneous compositions the transitions may be
placed at optimum temperatures. Further, by controlling a deliberate heterogeneity
a range of transitions can be engendered spreading and smoothing the sharp
extrema.

" In some solid solutions. ferroelectric:ferroelectrlc phase transtions occur at fixed
compositions and are nearly Independent of temperature. These so called
morphotropc phase boundaries are extremely important In piezoelectric ceramics.

" Elastic stress can have a marked effect on the transition behaviour and the property
extrema near the transition so that self generated stresses In ceramics may be
engineered to Improve the properties.

• For ceramic compostions the graingrain boundary heterogeneity can be Invoked
to modify extrema and to control the field distribution In the ceramic.

" Since ferroelectricity Is a cooperative phenomenon the scale of the ferroelectric
region is of critical Importance. Nano-scale heterogeneity can engender completely
new properties and give rise to spin glass behaviour which can be exploited In both
capacitors and transducers.

4.1 igl eeelag TsuuW.. for Duletu A m

Many practical ferroelectric capacitor dielectrics are based upon barium
titanate. BaTIO3. The key feature of any ferroelectric Is that Is some accessible range of
temperature and pressure it has a ferroelectric phase. and that In that phase a
spontaneous electric polarization can be switched between two or more equilibrium
orientations by a realizable electric field.

As has been shown in fig. 3.1 BalO3 at room temperature is ferroelectric with
six alternative domain states polarized along any one of the six equivalent <100>
directions of the original cubic prototypic form.

For a 100 oriented single crystal the hysteresis loop is very square fBg. 4.1. the
end states may be shown to be single domain yielding in the most perfect crystals a
value Ps - 26 pc/an 2 at 20C. 4 In a polycrystal ceramic, the domain structure Is much
more complex fig. 4.2 the hysteresis loop very rounded so that both maximum and
remanent polariztions are much lower than the single crystal values fig. 4.3-45
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FIg. 4.3 Dielectric hysteresis in a coams pain 35103 ceramic.
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For the more perfect crystal which can be converted to single domain state, the
paraelectric and the single domain Intrinsic polarizability can be measured fig. 4.4. 4.5.
Unlike ferromagnets very high permittivtty persists for a wide temperature range above
the Curie Point Tc following a Curie Weiss law.

In this cue however C = 1.5 l0fK as compared to C - 102" in a cor
ferro or fer/ magnet MF. 4.6).

Above Tc, the cubic m3m symmetry dictates that the weak field dielectric
susceptibility (permittivity) be spherically symmetrical so the ew can be completely
characterized.

Ewo 0

0 ewo

0 0 ,w

In ceramic form, the first question must be whether the grain boundary acts as a
high Impedance layer strongly limiin utility as a capacitor. The cubic form above Tc
permits an unequivocal answer. Mtensve experiments on very carefully prepared
BaTmO3 ceramics with average grain size from 0.75 to 53 IL meters by Yamagl et aL4 6

show no sgnificant change either in C or in 0 as compared to the crystal (fig. 4.7).
confirming that ceramics can be made with low Impedance grain boundary structures

The absence of major grain boundary impedance suggests that the high
permittivity near Tc could be exploited in capacitors If Tc could be moved near room
temperature and the response broadened. In solid solutions, all of the phase
transitions move continuously with composition as shown In fig. 4.8 for solutions with

Mlo 3 . Ser10. BazrO3 . Calo3 and B .SnQ3

In both BaZr03 and BaSnOs systems there is an interesting "pinch oir region in
the phase diagram where for temperatures close to room temperature tetragonal.
orthorhombic and rhombohedral states are becoming of simnilar energ I.e., It becomes
easy to thread the polarization vector through a randomly axed ceramic.

For the dielectric response, two desirable effects are evident as for example in
the BatTl.zZrx)O3 system. At low level additions the dielectric peak rises sharply fig.
4.9) and with further addition broadens markedly. Broadening may be traced to
macroscopic heterogeneity In the composition giving rise to a distribution of Curie
temperatures and thus a broadened peak. This principle is widely used in commervcal
dielectrics, which often use several additives to trim the propertMe Some commercial
formulations taken from the book by Herbert4 7 are shown in table 4.1.

To provide capacitors with high K but greater temperature stability two
additional features are used to control and enhance permittivity in almost pure BaTI03
ceramics:

14
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F1i. 4.4 Dieler teCpertty (weak feld near the Curie temperature a smle
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-IN -160-120 -69 -40 0 49 50 120 T,°C

F1.4.5 Lower temperature weak field dielectric permltt~ty in a single domain

* Note that below 0"C the crystal bleaks up into domains and below -90C the domain
structure bzapart an anstrp which should not occur In the sigl domain state.
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Ferrimagnetic Ferrite

10.000- 10*2

5.00 High Tc9

10.000- Ferroelectric : BaTiO 3

'7 00 10*5
5,000- e lower ICIt0CO1

C
1 1 R T -e

100 200

Spin 1/2 :Dipole:Dipole Coupling

1R 3 E)C13
T-e

MAGNETIC -+ Strong Exchange Coupling
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F~.4.6 Contrast between the dielectric behaviour of a BaINO3 perovskite type
ferroelectric and the magnetic behaviour of a normal soft ferrite ferrimagnet.
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1. Control of the permittity in fine grained Ba'n0 3 ceramic.

2. Control of the grain boundary Impedance to suppres the Curie peak at Tc.

Both effects are Illustrated In fIg. 4.10 which contrasts this behaviour vis-a-vie
the Curie paint adjusted compositions.

4,L1 arcan Sbe O fn BclO3 (minim

It was known from the early 1950s. that smal additions of T7O 2 together with
controlled firing could give rise to Bal0 3 ceramic capacitors with permittivity close to
3.000 over a broad temperature range. Over time the beneficial effects were traced to a
liquid phase densificatlon which Inhibited grain growth In the ceramic and left a
residual boundary phase, which reduced the Curie peak permittivity. More recently
these effects have been achieved by other means and both effects studied separately.

Probably the best measurements of the pure grain size effect are due to
Knoshita46 who used hot pressing of a weakly dysprosium doped BaTIO3 to produce
samples with controlled grain size from 1.1 Pm to 53 pn which showed no suppression
of the Curie peak. In his samples there is a continuous Increase of weak field
permittivity I near room temperature with reduction In grain size to values above 5.000
at 1.1 p meter (f 4.11).

Conommitant with the reduction in grain size. the group at N7T also observed a
reduction in the frequency of occurrence of 90 domains with reducing grain sem
Earlier. Buesgem et aL49 had suggested that a reduction in the twin density would give
rise to internal stress of the type depicted in fig. 4.12 which would strongly enhance the
intrinsic permittivity. markedly raiang I and shifting the orthorhombic tetragonal
transtUon to higher temperature (ig. 4.12). Some additional support for this model
come on studies of the mechanical strength in hot pressed BaT103 by Pohanka et a149
who measured the flexural strength above and below Te and noted a reduction In
strength in the fermelectric phase which could be accounted for by the internal tensile
stresses required in the Buessem model.

It must be noted however that an alternative model for the grain size effect has
been proposed by Ant and co workers5 0 which would require that the fine grain
ceramic have a higher density of twins and same erp lmnental evidence Is advanced for
this hypothesis. The advantage of the twin (domain) model is that is does account well
for the higher tan 8 in the fine Vain system, but It does not explain the phase transition
shift. Clearly more work is needed to resolve this important question.

One possible avenue for study would be to suppress the OC transtion as for
example by calcium Utanate doping. For the internal stres model, the grain sie effect
should diminish rapidly as ca Intrinsic is lowered. For the domain wall model, the
proximity of the tetragonal:orthorhombc transition Is not necessary provided the
lattice strain and wall ener, are not too strongly effected.

462 oftm Grain UBo m y uapeda et

In BaT1O 3 ceramics. It is remarkably easy to produce "drty grain boundaries.
and most ceramics like the Setmens C40 material show Curie maximum suppression to
greater or lesser degree. and it is often advantageous for practical application. To
demonstrate the phenineno quantitativel, and in the process to produce a useful

19



TABLE 4.1

Typical practical BaT103 based diectric formauons taken from Herbert.

Item . Tem..v anp mo, so St c. Hg Ti Zf So
NO -2gar Ceevsiton in cagigl

A 10 .,43 0.9 48.) 0.3 - .k t - 0.73
5 1240 o to ta0 .03 45.3 - 4.6 1.06 44.0 4.6

C 34so -to to 72 5.01 44.2 - 1.7 0.715 42.9 6.4

0 SlIN 52 to 7$15.02 47.8 2.1 0.1.1 41.3 0.41 3.36

8 1201' 42 to 70 I.01 .S 31.$ 1. o.6 46.9 2.6

IkI

1 1
II i

I:I

-IU -IJU -50 0 50 100 150U 0

Fit 4.11 Dielectric permttUvity of s O3 as a function of grain size.
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reduction to a simple RC parel cicuit combination.
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FIg. 4.14 Pseudo eutectic In the phase diaga of Da~lO3:NaNbO3 solid solutions.
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n&g 4.15 Weak &Mel dielectric peritivty of BaTlO3 as function of temperature.
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is possible to generate a rapid liquid phase densifcation which leaves a thin NaNbO3
coating over the Ba'flO3 grains whose thickness can be controlled by the volume of
NaNbO3 used. Since NaNbO3 has a flat pemwlyemperature behaviour I is
possible to use Curie Weiss analysis to derIve the Impedance of the boundary phase
directly and to verify the predictions of the simple -brick wail model for the ceramic.
Thea ruentIs presented pictlaalyin figures 4.13. 4.14. 4.15. 4.16. 4.17. 4.l1& A
comparisonof the chrateiticsca 5% NaNbO3.BaI03verssa puire BaTIO3
capacitor is given In table 4.2.

4.3 Scomb .Z~Um, o~s~ Dhi

It was shown earlier in this section 4 that a measure of compositional
heterogeneity is essental in very high K dielectrics so that the dielectric extrem at the
Curie temperature Is spread over a practically useful range. For most widely used
BallO3 based formula. this hetero geneity is on a scale comparable to the grai structure
and is often induced by processing to a non equilirium p~hase distribution.

As the dielectric thickness gets smaller. particularly In ultra high capacitance
density multilayer capacitors. ft becomes difficult to control macroscopic
heteoeet because of short diffusion distances. and a finer scale composite would be
desirable.

24



* b

I T? T T

It dI2 ; 2

*. 0.3 6 0.1 10.1 0 0 0.1 0.1 0.3 0.4

3ZVAUZ (VC) MUSma mHASK VOLUKK fRACTIOW v

S C2 1 1 1 111(t-0) d2 _ d
C CT Ci CZ £0 C +ioJCZA IKA

(?UMUII (4)

Flu.~ ~ .5 4.1 Ixeto for Curi Welsa beiug. ipai Ba.103 eaic
confir5ation of the 0 bea5or nfatfie crmi

0.00 46 83 NWAM fetls o a.257



Extrapolates
I to 6,000120~ 2 u

For DaIO3

1" ae- 

3P 0" .

or 

3

F% .T (a)

I.CM1TLOl"S1 ~r

Nt-"C%,.T1S4tgIChL wames imife

COs*

2000, t a0 b
BLIM0610. Vae 4.qk.

(b)

*T .1413.0

a0c2 30 4 so J0 7 0 9

AS~ 910.8 ZCKY

Fig. 4.18S (a) Permittivity levels as a function of NaNbO3 mole fraction in the
disphasic system. (b) Improvement in the hg il eomnedet
fleld splitting by the diphasic syste..
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TABLE 4.2

Practical advantage of a BaTIO3 :NaNbO3 composite
dielectric for a high voltage capacitor.

Pernitivity Penniuivity Aging Breakdown

Dielectric K at 0 Volts K at 60 KV/cm %JDecade Strength

BaTIO 3  2,100 400 2.8 100 Kv/cm

BaFiO, 2,100 750 1.25 200 Kvlcm
5% NaNbO

3

In the Pb(BlB 2 )0 3 petwsktes for which PbMgll3Nb2 1 30 3 WWMN) Is a useful
prototype. It has become clear that there is a new mechantsm which establishes a trulyi
nanometer scale heteroeneiy in the compoton in such materlakl. Extensive studiesby I'ansmlMssbo electron microscopy have revealed that ordering tahes place between
MgNb catJOns but not as miht be expected in a 2:1 ordered sheet structure as occurs in
Bafg113Ta213 0& but on a local 1:1 ordering In an NaCI type lattce,54.55

A crude two dimensional picture Is gven in fig. 4.19 which cempares the atomic
arragement n PMN with that In a conventional PZT ceramic. A feature which islfedltely evident In the PMN is that the 1:1 ordering is non tocoetxic and must
give rise to massive short range chemical heterogeneity. The ordered regior are highyMg rich and must give rise to a local charge Imbalance which presumably stops the
ordering process at this -5m scale.

The ordering which is within a coherent crystal lattice occurs in both singlecrysal and ceramic samples and can be imaged using TEM (1)g. 4.20).56 This fossl
chemstrY whWh Is formed at very high temperature leads to a nanoscale chemical
heterogeneity which Influences the manner in which these materials exhibitfexroelectrtty. This fail of lead based complex perovslites has been called relaxor
ferroelect~s~I outstanding features of the dielectric and ferroelectric response aresumar-zed In fig. 4.21 and the mos salient features tabulated In table 4.3. Earlier
studies57 based on the very small scale of the polar regions In PMN had sugested a
super parmelectric model for the high temperature behaviour and ets on theSBN bronze had been adduced to demonstrate the mobility of the polar phase.5 8 Arecent natural extension has been to explore a spin glass model for the behaviour.59

27



NANOSCALE CHEMISTRY
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* "fossilr chemistry acts to localize polar behavior.

Fig. 4.19 Nanoecaie ordering In Lead Mag e sum niobate compared to a disordered
pZT solid solution.

S5nm

Fig. 4.20 Dark field image Of the chemically ordered doma s In Lead Magnesium
Niobate.
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TABL 4.3

Common features In the behaviour of relaxor ferroelectric crystals and ceramics.

COMMON FEATURES

Compositions: Structures.
Common in lead containing perovskite structures of
complex composition: Prototype lead magnesium
niobate Pb(MgI3Nb. 3)0 3.
Occurs in many tungsten bronze compositions:
Prototype strontium barium niobate
Sr.7BaosNb20.

* Dielectric Response.
High dispersive peak permittivity ER - 30,000.
Ferroelectric response under high fields at low
temperatures.

* Compositional Heterogeneity.
Nano-scale heterogeneity on a coherent crystal lattice.

* Polarization Fluctuations.
Large values of RMS polarization at temperatures
well above that of the dielectric maximum.
Evidence that the fluctuations are dynamical.

* Evidence from TEM.
Local compositional (chemical) ordering.
Local polar regions at low temperature nano to macro
domain transitions.
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Viehland6 0 has authenticated a Vogel-Fulcher model for the dielectric
relaxation (fig. 4.22) which postulates local cooperation between polar micro regions
leading to a fteezing temperature Tf. It was noted also. that for the field forced low
temperature ferroelectric phase, the collapse of remanent polarization leads to a
thawing temperature In close agreement with Tf. By looking at the manner in which
different levels of DC electric field force a spin-glass to ferroelectric phase change
Viehland 6 l (fig. 4.23) was able to use the De Almedia-Thouless relation o  to deduce a
size for the uncoupled polar entities in close agreement with the scale of the
heterogeneity observed by trasms n microscopy (Ft. 4.24).

In a number of ways. the dielectric spin glass Is more complex than the magnetic
because of the strong el -rstriction which couples nano scale polarization to nano
scale distortion of the lattice. Many of the expected consequences have now been
explored (fig. 4.25 to 4.30). It must be stated however that the current work has not yet
proven spin glass behaviour in PMN. however the list of confirmed glass like features
is indeed Impressive as tabulated In table 4.4.

I.O MtUETlm RANC CAPACIORS

The major sector of the high K ceramic capacitor market addresses ultra
compact high capacitance miniature units which are required for power line
stabilzation in the ipaclkgn of silicon semiconductor integrated circults. These units
are fabricated using a co-firing technology which integrates the electrode into a
monolithic multilayer ceramic. The normal construction Is shown In schematic form
in fig. 5. 1. The alternating electrode layers which are fired into the ceramic are picked
up on a moodfled silver terminaUon which Is added in a post firing operaton.

For the early BaTIO3 formulations, the necessary high firing temperatures
forced the use of platinum or gold-platinum alloy electrodes which become the major
cost in the unit. Over time an essential component of the evolution has been tWe
development of lead and bismuth oxide based fluxes which permit co-firing at
temperatures down to I150"C and thus the use of less expensive palladlum-slver alloy
electrodes. e , Basic principles of the design of the dlectrics are essentially unchanged
from before, and the effort has been to find fugitive fluxes or fluxes which Incorporate
into the dielectric with minimum damage to the pernUttivlty properties.

Alternative to the BaT1O3 based compositions- the lead based relaxor (spin glass)
compositions appear to be attracting increasing attention from the major MLC
producers. A recent survey of the patent literature table 5.1 highlights some of the
activity. It would be nice to report that it is the Intrinsically superior dielectric
properties (fg. 5.2) which are the major drawing force, however what must be also
factored in is the mqrtant fact that the lead based formulation can be desined to fire
at temperatures below 900C so that with them there is the possibility of using high
70:30 silver palladium allay electrodes, in some cases pure silver (Table 5.2) and with
appropriate doping base metal copper electrodes.64
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Fig. 4.22 Vogl:Fulcher type f'eezing of the dielect response in PMN: 10%Pr.
Wa Dielectric response as a function of frequency arnd temperature.
CA Plot of I/Ta x the temperature of maximum response vs frequency.

Square dots are experimental points line Is a fit to the
equation.yleldlng pre-exponental vo a 1012 Hz.

(c) Release of polarization on heating for a field cooled (poled) sample: the
thawing temperature Tf = 291"K.
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TABLE 4.4

Sumnaary table of similazltes between the relazor ferroelectric PMN and the Magnetic

spin glmae (Y in the table Indicates yes that the phenomenon has been confined.)
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Ter minations Dielectric

Electrodes

Fig. 5.1 Cosrc~nof a typica ceramic MLC.
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TEABLE 5.1

Compsitonsbeing explored and recent patent fiings for

relaxor based dielectric fornmulations.

Comple Storkb
I'.ro,,klles *T4 C*C) "Babawler Pevskltus T.(C) Ushlver

It't.INI -to Retaurn-11 PbrtOj 490 FE
lLq140 RuleAXw.I PW0 330 A?
IP#1.120 ItesAeq.FU1 Bio, 1)0 IU

Ito311 Nw..I.Fil Sf - ram
ll'VWI .95 94luA0.FU
IIwI 35 A?
litiWI I'? AP

're..n.i ..mpWAue. fat Mehu60 U ~lS 9910 of I hil.
"FE-Fatohcwl AP.AnuitmnatIoftig. I'ma-luselo.ei

11't61NI: t'h(Mguj3NbV3j)O3 lrvwl: Prtie~WWWOj
Il'ZNJ: I'b(Zngfljbtfl)3 IPMWL IM1618 'WIf$3
jI'NNJ Pb(NlgnjbVm)0 1INWI: Pb(NaI2 1 2z r)Oj
I NMI: 1'b(ePetNblpJO03

Composituuul Famlies for ReIaser.Uaed f*ILCs

EIA Temp MuWactiw
COMPOlllum Spcrwatiuua (Assipus) PaWAuS mOd RaOs.

I'LZT.Al X7R SAwaps U.S. Pat. 4j.02" (1973) Rdt. 9
PMwFrrT X7R DUPuAt U.S. Pat. 4.043.546 (1973)
r1-N*I'FW YSV MHC U.S. aL 40111.9311 (1973)
I'R4.PFW-MM YSV NEC U.S. Pat. 4.23X98 (1980)
PR'l.PMT -TDK U.S. Pal 4.216.103 (1980)
I'MN.PT YSv 1DIC U.S. Pat. 4.26308 (1911)
rMINMR Y3V TDK U.S. Pat. 4.214.102 (1930)
PMN.rII4.rMW YSV 11DK U~S. Psi. 4.21.071 (1911)
IPW.PZ Z3U MDK U.S. Pt. 4.23.35 (I90)
rtrw-rrmN Z3U l11aCat U.S. PaL. 4_313.57(1931)

PM.Z-TZS4 Meaws U.S. P&L. 4.339.544 (1982)
lYN.PFW-Pt(U. (MSC) X7R Ref. £0
PIN.PR4.P"t z5U, YSV Pam U.S. P&L. 4.379.319 (19113)
P16W.PT4't4N z3U NEC U.S. P&L. 4.450240 (19114) Rel' 1I
PR4.Da Cn4Cvw).PVW YSV Toshib U.S. Pat. 4.544.644 (1915) Rdt 12
PMN4P7J Z5U 511 U.K. Pal 2.127.187A (1984)
PMN-PR4.PT z5U Si U.K. PsI 2.126.575 (19814)
PNIN.VZI4.PR4 z5U Mualuhh Jaa Ps.. 59-107959 (1984)
PMt4-PFW-P'rr Matais iqai PMl 59-2D3739 (19114)
PNN.PRN4'IW y5Y Mass, Imps Psi. 39-111201 (1964)
I'N.PT.ST -TusIAs Rdf. 13
PK4.pF?4Pw. 7.51 Unear Catbd. U.S. Pa. 4.550.06111(1935)
PFN-Pl#4 Y5V Ref. 14
I'P-PFN (M4SC NTT Reks 15-17

ZSVNWLu MatiauiA Re. 13
pmw.1'T.PZ Xli NEC Ref. 19
Pmr.mm.Pr4V.T.ST ZSU Twiells Jagmua Pat. 61-155243 (1986)
PFr4.P'-Br4Sl X7R Tuslshs J.1T.i Pam. 61.20114 (1936)

M-r4.l'M24.T YSU. YSS TWsii Metf. 20
flMN.I'LZT 7.51 MMC U.S. Pit. 4.716.134 (19117)
Pt.U4. ST. ST W.51 Maisha Jagiau Pam. 62-115817 (1936)

PM.N-TySV Rdf. 21
DT.PM14.V7.1 (MSC) X7R. X73 Toihlbs U.S. Ps&. 4.767,732 (191111)
I'MN.PS.Pt4W-Cs
(Sam Mewl) MSU MatrAlWk Re(&. 21-23
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Ftg. 5.2 CoMpartson of dlecxtric saturation and RC thne constant behaviour
between relaxor based and BaTiO3 based WWC dielectris.

TABLE 5.2

Firing condntions for and appropriate elect rodes to use with
Bafl03 and relazo based frmulations.

LUititctric Firing Condition kElectrude

11143T AM2SC (air) I (IW%)
lialLing) Nit

1417I4T I IW-Ifl4?c (air) AS:Pd (700tVo 30MW)
(10dMig Cu. M45

Lr.DT 'c IUIWC (Mif) Ag I'd (7(VJO)
(RAU) only)

i IF.Relauw >IORC (air) Ag:Pdl (MM3O
(igtcinuu) Cu.

l..-Rciaux -lUIC (aSi) Ag:i'd (85/15). Ag (100%)
(saisgug) Cu,

-the poisal guesuwe r102 stivhuMNi .-. NL) CIur i3s sucdnbUal1%)-3P f redSvlts
hence Mi~bmd electrudeswe tiarnmlymnicily not (euae t r MWaxet
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6.0 M t OZIZrTI Tim rj

Over the last four years (1987 to 1991) there has been a rapid increase tn interest
in ferroelectric thin films deposited onto semiconductor substrates for uses in
nonvolatile radiation hard random access memory. The effort which has been driven
In the USA prmartly by major funding from the department of defense has lead to a
strong revival of Interest in ferroelectric switching behaviour and the evolution of a
very broad range of deposition methods for a large variety of ferroelectric
compositions. Since the summer school will have talks which focus upon the
preparation methods for films and the switching behaviour these will only be briefly
mentioned and the primary focus will be upon those properties which are likely to
make the films Important for more conventional capacitors and for piezoelectric
transducer and sensor applications.

&2 Material Byst"Ms of Intm

The majority of studies are being carried forward upon randomly axed
polycrysta~le films so that It Is not surprising to find major Interest in the perovkIate
structure composition. Considerable early work on BaTIO3 fls 6 5 .66 never showed
convincing evidence that strong ferroelectricity could be retained in sub micron thick
films, and this Is perhaps not surprising In the light of the very slim loops observed
even I bulk BaTIO3 when the grain size approaches sub micron level

Most important steps In forward progress were the demonstrations of
convincing dielectric hysteresis by Sayer6 7 In sputter deposited PZT films and the
confirmation of excellent hysteretic behaviour In sol-gel deposited PZr films by Payne
and Budd.68

More recently the list of compositios for which useful ferroelectric behaviour
has been convincingly demonstrated In thin fms has Increased markedly. A recent
survey is given in table 8. 1.

W. Pwrqimtkm Tchalqussm

The very broad range of techniques which have already been applied to the
fabrication of ferroelectric thin M s are summarized In table 6.2. The majority are
vapour phase methods but ol-gel and metal organic deposition are widely used.
Attempts are also being made to use true metal organic chemical vapour deposition, but
this approach is strongly handIappe by the low volatility and the hazardous nature of
the suitable organic vehicles for the required chemical constituents

All methods currently have the common feature that they deposit an amorphous
or micro crystalline ensemble of the required chemical constituents which must be
architected into the required perovsklte structure form by a subsequent heat treant.
These post deposition annealing treatments have received a lot of attention and it Is
clear that they can radically change the character of the resultant film. There appears
to be a strong movement towards rapid thermal annealing methods, but again much
care Is needed to optimize the conditions.

In vapour phase methods substrate beating and low energy add atom assist are
being used to improve quality, but the need for a sub film electrode metal precludes the
possibility of precise epitaxy for perovaite type films, though topotactic grain
orientation Is frequently observed.
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TABLE 6.1
Ccxnpols which are under study as thin films.

CHOICE OF MATERIAL SYSTEMS

Non Volatile Memory

Multiaxial Ferroelectrics for Randomly Axed Films

Lead Zirconate Titanate PZT
Lead Lanthanum Zirconate Titanate PZT
Lead Titanate PT
Lead Lanthanum Titanate PLT
Lead Bismuth Titanate PBiT
Lead Barium Niobate PBN

Uniaxial Ferroelectrics for Grain Orientated/ Epitaxial
Films

Potassium Lithium Niobate KLN
Strontium Barium Niobate SBN
Lead Germanate PG
Potassium Magnesium Fluoride. KMgF
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TABLE 6.2

Growth techniques for ferroelectrlc thin flbm.

* Magnetron Sputtering from Oxide Targets.
* Mult-magnetron Sputtering (MMS).
* Multi-ion Beam Reactive Sputtering.
* Elcctron-Cyclotron Resonant (ECR) Plasma

Assisted Growth.
* Chemical Vapor Deposition (Photo-Assist).

Excimer Laser Ablation.
* Sol-Gel Methods.
* MOD Techniques.

Substrate Heating.
Post Deposition Annealing.
Rapid Thermal Annealing (RTA).
Low Energy Ad Atom Assist.
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There are numerous reports that the phase makeup of PbZrO3:PbTIO3 thin films
differs markedly from bulk values, however, data from S. Dey6 9 on carefully annealed
films ig 6.1) suggests that the morphotropic phase boundary separating tetragonal
and rhombohedral phases is close to that observed in the bulk composition.

6. impmraat PrOPN Of 00 X Wim

In PZT films at the 52/48 Zr/TM composition weak field dielectric permitttvity
ew at room temperature as measured by many investigator on films made by different
techniques is of order I=200 and independent of thickness down to 3.500k Typical data
from Dey7 0 (fg. 6.2) indicates the films are dispersion free to over 107 Hiz. Improper
thermal annealin either at too elevated a temperature or for too long a time (fig. 6.3)
indicates that massive dispersion can be induced at frequencie as low as 104 Hz. Under
cycic DC bias again films behave exactly as would be expected for proper ferroelectrics
ig. 6.4).

That the 52/48 composition is properly ferroelectric is evident from the 60 Hz
hysteresis curve In fig. 6.5 with Pr a 30 pc/cm2 and Ec = 31 KV/cm. That the
ferroelectric polarization can be switched fast enough to be of Interest In memory
application is evident from the data taken by Dey (fig. 6.6) which shows switching tmes
of - nano seconds In a 30 IP x 30 ;L square capactor.

Perhaps the most startling difference from bulk PZT comes In examination of
the weak field dielectric perom tty vs temperatures fIg. 6.7). The peak is roughly at
the right temperature. but the value is low and the peak is highl rounded. In all our
own studies the best ratio epeak/erwa < 3: 1. where in a well Prepared bulk material the
peak Is very sharp non dispersive and the ratio - 15:1.

A significant positve aspect of film behaviour is the manner in which the
dielectric strength increases at low film thicmess (fi 6.8). Values of EB as large as 4
MV/cm are not unconmon. It is Interesting to note that the empirical curve predicted
by Gerson and Marshall 71 based only on bulk measurements predicts breakdown fields
for submicron thick films above I IM/W.

For simple high K applications where hysteresis would be a marked
disadvantae, two alternative lead based compostons are being explored. In the high
lanthanum Lead Lanthanum ttanates Dey has explored a 28:0:100 PIT which shows
good linearity (p vs E) some dispersion with a K - 1.600 at 100 Hz and 1,400 at 10 MHz.
Udayakumar 7 2 has explored PMN:Pr compositions which show K values up to 2.800
and only weak dispersion to 10 MMz.

Clearly there are clamant needs for very compact film capacitors in high
density silcon and ultra high speed GaAs circuits and there are many options yet to
explore for high K systems.
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Sol-Gel PZT (52/48) Film

" 60
30.

U

-13 0 -90 0 0 10E
r0

a 30
Ow U

.60.- 80 .90 0 90 180
Electric Field (kV/cni)

Thickness: 4500 A Prem = 30 4/Ccm2

Frequency: 60 Hz Ecoer = 31 kV/cm

FM& 6.5 PolarlzaUondkeld hysterests in a Pzr 52:48 fm 4.500A thick taken at 60Hz.

47



T II I I I

Current PZT 52146

Transients g:ie M OO "

70 l' kness: 0.5 onm

r -71 #..CM,
. 

to -11109,90

10

60

10 13 . IsonMSA

z 40 &a

1400 V.. / 0.

3031 S

• 0

0

3487

.. g.6.6 polrization . .tching using vy high current puls in PZr 52/48 (after Dey).

- £ 0.2

2000 .z Mn

o1400

1200

0 25050

Temperaure )

F~g. 6.7 Weak fleld perm#ttvfty as a function Of temperature i P=T 52/48.

48



UhjLflIC MAO to *MNSA. P11 COMaM.

i.. il I i. "fflf ~q£lI

8. 11gto

I I l *

I fit

II

I a.

I blat. I II l.

F'a& 6.8 Breakdown ki EB as a fwun of l thlcknms from the empirical equation by Gerson

andO-LCM Marshal.E

At+ At+ A

Symmetry 4mmm
Pb 0 0 AP3  =d 3

FIg. 7.1 Two dimensionsl descripton of the origin of the pIzoeectric response in a sbigle
domain FbTIO3 crystal. (a) Stuation under no field (b) Shift of the M cation away
from the equilbrium positin under s s II3. (c) Sb of tbeT cation back towards
the cell ceter undrm i. (dJ TAtg of the'n postion giving AP. under a shear
stress I%
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7.1 - ad fictoda Dscupn of MuOelc-in Cystls

Ite pbenomenological master equation which describes the deformations of an

insulating crystal, subject to both elastic and electic stress take the form

1% = OW d + diEm + M~q EmEn (7.1)

where

x~ are the components of elastic strain.
-X4 the stress components
"M the elastic compliance tensor

Em Eu are components of electic field
dngi the piezoelectric tensor components

Mmnq the electrostriction tensor In field notation

and the Einstein summation convention Is assumed.

For crystals in which soecomponents of the dnmgj tensor are non zero, when
XkJ a 0 the elasti strain is given by

xv -4nl Em (7.2)

which is the equation for the converse piezoelectric effects. relating induced strain
directly the burt power of the field. Le. zaj changes sign with Em.

in the thermodynamicaily equivalent direct effect

Pm -dmVjXV - (7.3)

Clearly 7.2 describes the actuating funiction of a piezoelectric. changing shape
under electric field control Equation 7.3 the sensn function, a change In polarization
under stress charges the capacitance of the sensing crysta gping a voltage proportional
to the stews applied.

if the dntjj constants are zeo due to syzmmetry as for aomple in a centric crystal.
the residual ect is Ie-ectmro-tric-tive and at zero- stress

xqu- MgmV Em E.

Now the strain is a quadratic function of the applied sv.

The throyaial converse effect is now given by

q= U MM" 4

Le. the elastic stress - dependence of the dielectric susceptibility.

Pictorially. the piezoelectric effect Is Illustrated by the two dimensional
sketches In fig. 7. 1 which models a polar crysta of the peroaite Lead titanate in its
single domain ferroelectric form. To simplify the description it is assumed that the
polarization resides in the in4+ ion as in Bafl03 and the lead ion dslcmnsare

50



neglected. In the base state, the titanium ion is displaced along the 3 directions a
distance cm.oespndng to the spontaneous polarization P3 and the resulting symmetry
is teb mi 4nn"

If a tensile stress a is now applied in the X3 drectionwfg. 7. 1b). the upper and
lower oygen ions pull out the equatorial ions squash in forcing the M4 farther away
from the cell center and generating an enhancement of Pe by AP. Since the
displacement ae very small AP a a3 and the constant of proportionality d3 Is positive.
Le. a positive (tensile stress) gives a positive change In AP.

For a transverse tensile stress al however (f0g. 7. ic the equatorial oxygens are
pulled out. the 7& brought back more towards the center of the cell, giving a negative
irement AP3 so that

AP3 - d3l 01

and d31 must be a negative qualit.

Similarly a shear stress o5 (031) leads to a canting of the IT4 + and a
displacement direction normal to P3 I.e. a API so that fig 7. Id.

API = d1515

For the point group 4mm clearly the action of the 4 fold axis makes 2 equivalent
to I so that

4 s a d and d15 - d2

and the complete piezoelectric tens ta the form

0 0 0 00dlsO
0 0 0 d1 5 0 0

d31d 31 d3 3 0 0 0

7.2 raee.habidfty in Cemules

In a randomly axed polycrystal ceramic, even if the grains are polar or
ferroelectric as in fi 7.2 under normal circumstance the random orientation will
cancel out any anisotropy engendering a macroscopic center of symmetry which
forbids pimoelectricity. For the ferroelectric ceramic however a new anisotropy can be
Induced slice the domain polar vectors can be switched under realftable fld. Thus the
poling operation which develops a high remanent polarization PR In the ceramic is
essential to destroy the macro center of qymmetry taking the material into the texture
symmetry group - a.

Thoretically it Is quite straghtfarward to derive the possible PR which may be
induced in a ferroelectric ceramic If al domains of a given type may switch under the
poling field. In a ferroelectric with only 2 antlpolar domain states, only I80 switching
would be possibe and FRmax= 0 .2 5 P. Ina tetragonal ferroelectric perovskite there
are 6 asial orientatin for the domains and PRmax= .83 P and for the rhambohedral
case with 8 body diagonal orICntaio PRma=0.87P s * 'Unfortunately the ability to
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pole in practical ceramics Is more restricted. so that a high count of available
orientation states becomes essential. This Is illustrated for Ba7 1O3 at room
tempera tire in fig. 7.3 In the single domain single crystal Pe - 28 jic/cm2 (0ig. 7.3).

vuin avery large grain ceramic Pr m = 8 yg/cim2 .9fi. 7.3b and in a practical fine (1 pa
meter grain) ceramic Pr almost vanishes Mfg. 7.3c).

7.3 eAd ZiesaMMWta 1nate lmo ls

The uniquely advantageous feature of the Lead zirconate Lead titanate
ferolcti phase diagram fig. 7.41is the almost vertical phase boundary war the 50-50
Zr/TI composition, the so called morphotropic phase boundary which separates a
tetragonal and a rhombohedral ferroelectric phases. All ferroelectrlc:ferroelectric
phase transitions are first order so that the boundary encom -passes a finie two phase
region where the 6 domain states of the tetaonal variant coexist with the 8 domain
states of the rhombohedraL. The advantage Irn terms of potability for ceramics near this

compositoIs compared to other perovste possibilities in fig. 7.5 showing the clear
superiority of the MrI.

The maximum polability for copsiins near the MPB is shown clearly in fig.
7.6. and the consequent advantage in piezoelectric constants In fig 7.7. both taken from
the book by Jaffe Cooke and Jaffe.73

?.&I1 Thommiom~ Oftsimewibft fn PZM

it is clear from the earlier consideration of dielectric applications that the
instabilit at the paraelectric:ferroelectric phase transition contributes an intrinsic
compliance in the dielectric property which can be manipulated to great, practical
advantage. For BaMlO3. it is easy to trace this enhanced compliance as excellent single
crystals can be grown anid by simple poling procedures converted Into single domain
states. Thus the properties of a single domain can be maeasured at any temperaure or
stress of Interest and a full Landau:Glasburg:Devonsbire phenenology developed
which will rulimic the intrinsic rtwg-ie of BAT1O3 domains under any set of
electric/elasti boundary cond~tons7. 7,6

In the lead zirconate titanate solid solution system however, the situation is
signifiantly more complex. Different composition across the phase field exhibit
antie1rodectric. o=yen octahedral tilted. and simple prope ferroelectric phases. An
eve more important constraiIs that In spite of almost 30 years of Continuous effort
there are still no reputable single crystals available with compositions near to the
critical 50/50 Zr/Ti ratio of the MPB and thus no direct measurements of singe domain
propertes Only compoition close to pure PbZrO3 and pure PbMi3 have been grown
with adequate qualiy and for other comoiin It is necessary to use Indirect
methods to deduce the therodynai consant&.

Ome some 10 years the ferroelectric group at Penn State has dedicated a
continuing effort to formulating an adequate pheoeoo. Faculty and students
involvred have Included S. Gadger. A. Amin. H. McKinstry. T. Halenmm M. Haun" 0.
Rossetti and L. E. Cross and their work is documented in a sequence of
PBpC 7 7.7 .79 O0. 8l. 2 3.8 4 .8 5 The papers 80-85 provide an exeflet ummnary of the
pure PZT work
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FIg. 7.2 Two dimension schematic of the polarization vectors In unpoled and in poled M~r. In
(a) the symmetry is -- which Is centrics, and forbids piezOelCtJCftY. In (b) the
symmetry is -wmm which is non centric (polar) and permits piezoelectricitY.

Ia

Is S

CW-

Fit. 7.3 Contrasting polarization hysteresis in (a) singe crystal: (b) ceramic polycrystal:
(c) fie grain ceramic BaTIO3 samples
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Ftg 7.5 Indicating from examples in different perovskite ceramic compositions the
importance of number of equivalent domain states in realzIng poling and high
piezoelectric activity.
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aABLE 7.1

Coecet of the PZF" Energ, Function

a,. a,,, a,,, (erroelectric dielectric stiffness at constant stress
o',, ox0' ,, o anaiferroelectric dielectric stiffness at constant stress

p. coupling between the ferroelectric and antiferroelectric polarizations
J3,, I ,q octahedral torsion coefficients

r coupling between the ferroelectric polarization and tilt angle
s elastic comipliances at constant polarization
Qv electrostrictive coupling between the ferroelectric polarization and stress
Z~r electrostrictive coupling between the antiferroelectric polarization and stress

Rq rotostrictive coupling between the tilt angle and stress
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In developing the "master equation" for the free energy in terms of the extenstve
variables. It Is necessary to start with a two sub lattice model to encompass the
antlferroelectric states, however, since these are confined to compositions very close to
Lead zirconate it Is advantageous to use linear combination of the sub lattice
polarization PA and PS In the form

P = PA+ PB (7.1)

P=PA-PB (7.2)

Thus when PA = +P3 P * 0 and represents the effective ferroelectric polarization.
and when PA a -PB p * 0 and represents the magnitude of the antpolarizatlon In the
antiferroelectric phase. Polarization and antlpolarlzation have the axial components
PlP2 P3 and PlP2P3 respectively. The oxygen octahedra have tilt angle 0 with
components about the axial direction 010203. Elastic stress and strain are designated
Xq xaj. The ful family of coupling variables are delineated In table 7.1 and the resulting
equation 7.3.

dG = al [P + P2 + P~i + all [p,+ + !.3

+ 0, 2[PIP1 4+ PiI1 + Pj3Pj + Me+ [P + p + P63
+ 112 [ P(P2 + P3) + PZ (P2 + P) + P3 (P2 + P2)!

+ au,PIPIP + e,.[p, +pi +pj +', l/' +p +pf

+ ~a~~4p+pi pi) + p(p + p) + pL(p2 + 1)J

+E P13 P|pp+ 1 + [p + 4]p + Pjpj]

+ I [PI,(p + pl) "~ Pj(pl + pj) + Ci(pl + Pi2+

+ i., P,Pw2 + P2P 3 + PPpyp, + P, [[1 p 61+ 061

4- 01 [ + + 0~J + v,, [P10 + P10 + P 0 3

+ y3,2[Pi(eO + 0p) + p(ep + ) + P(6 + 0)1

+ P2, 2 3 ) + P3P, 361 22)

-s,1, 43 x1+ Xl - sX x 22 + X2pX + x3X,]

- s,[l+ x] +- X] - Q,, [xI + x2Pj + x3Pj]
- Q, 2[X,(P 2 P) + x 2 (P + P2) + X(? + P])

- Q[XP 2PP + PIP+ X 6PPJ - Z [Xjp, 1 X+92 + Xp21

- z,,[X,(p , + p+ ) + x(p, + p.) + X3(p + p1)i

- z0[Xp1p 3 + Xpp, + X~p~p2J - R1, [X,2,2 + X2202 + XPe2l

- R,[PX,(02 + 9) + X2(02 + 03) + X(o; + 02)

- R.X2 +20 + Xe21 + xZoe3+]
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7.&.2 Salbomw tm di =vW Famed=

Considering zero stress conditions the folowing solutions to the energy
functon (Equation 7.3) are of interest in the PZr system:

Paraelectric Cubic (Pc)

PI = P, = P3 
= 0, PI = P2 = P3 = 0, 01 = 02 = 0 3 =0 (7.4)

Ferroelectric Tetragonal (FT)

P, = P2 = 0. P2 * 0, PI = P2 =  P3 = 0, 91 = 02 = 03 0 (7.5)

Ferroelectric Orthorhombic (Fo)

P,- 0. P2 = P3 * 0, PI = P2 = P 3 = 0, 01 = 02 ( 0 0 (7.6)

Ferroelectric High-temperature Rhombohedral (FRN)

P P P 0, P = 'P2=P3 = 0, 01 02 = 03 0 (7.7)

Ferroelectric Low-temperature Rhombohedral (Fm(L T)

P = P = P3 * 0, PI = P2 P3 0o, 3 0 (7.8)

Antiferroelectric Orthorhombic (Ao)

P , P,3 = 0. Pi 0, p=p2 0, 0 =02 = 03 -0 (7.9)

All of these solutions, except for the fenoelectric orthohomobjc solution, are stable In
the PZr system. The ferroelectric orthorhombic solution was also Included here.
because the coefficients necesary to calculate the energy of us phase can be determined.
An independent check of the calculated coeffIcients can then be made by confirming
that this phase is metastable acoss the PZr system.

Applying these solutions to Equation 7.3 under zero stress condltions results in
the following relations for the energies of each solution

Pc AG = 0 (7.10)

Fr AG = cmP2 + oti,/ 1 3 + allP (7.11)
F) AG = 2acPj + (2alt +' oE12)3P3 + 2(c, 1 1 + Qt 12 )Pj (7.12)

FRIHT, AG = 3aIP3 + 3(a,, + 01, 2)P3 + (U + 6Q112 + QID)P3 (7.13)

FRILT AG = At 1 P + 3(oE,, + uK12)Pi3 + Oct,,, + 6a112 + aZ)6

+ 3I001 + 31,04 + 3 (-y, + + "y.,)P36j (7.14)

Ao AG = 2aTpj + (2a,, + 7az)p3 + 2(ay,,, + tjz)P6 (7.15)
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The spontaneous ferroelectric and antlferroelectric polarZations (P3 and P3)
and tilt angle (8s) In the above equations can be found from the first partial dertvative
stability conditions (MG/aP. MG/4 3 . and aAG/*} as shown below.

Fr 8 G/6P3 = 0 = 3 atxlP4 + 2attP 2 + (i (7.16)

Fo  MAGlaP 3 = 0 = 3(ot,1 + a11.)P4 + p2+ )p] + Q1  (7.17)

FRINT, d3AGl8P3 --- 0 =-- (3x1 t1 +f 61t12 + cx13)p

+ 2(a+o + P+ (7.18)

FR LT, tAG/MP 3 = 0 = (3at 1 + l2 +at3)P

+2(art + a 2)P + a,+ (7.19)

aAG/ae 3 = 0 = 3, + 2 t3 2 + (7.20)

Ao dAG/bp 3 = 0 = 3(all, + crtj2)p4 + (2o71 + r712)p2 + a, (7.21)

The polarqzatons and tilt angle can be calculated by solving these quadratic equations.
Equations 7.10 - 7.15 relate the energies of each solution to the coefficients of the energy
function. Thus by determining these coefficients, the energies of each phase can be
calculated.

7.&3 Slanmw Zmtia Sbukw

The spontaneous elastic strains zi (a&G/VX.J under zero stress conditions can be
derfved from Equation 7.3 as follows:

Pc x= x 2 = X3 =x= x = X6 = 0 (7.22)

FT XI x 2 = QP2, x 3 = QtP3, x 4 M X5 = x 6 
= 0 (7.23)

Fo = 2Q 2P, x = X3= (Q 1 + Q12)P,

X4= QP, x5 = x 6 = 0 (7.24)

FR(HT) Xt = = X3 = (QnI + 2Q, 2)P3, x4 = X5 = X6 = Q4PI (7.25)

FRLT) x, x = =x = (Q1= + 2Q,_)P3 + (RI, + 2R )OZ

x= x5 = x6 = Q,.P2 + R4 3] (7.261

Ao x = 2Z z , x = X3 = (Z 11 + Z12)p ,
x= Z ., x 5 =x 6 =0 (7.27)

These spontaneous strain relations can be shown to be very important in
determining the coefficients of the energy function. Spontaneous strain data will be
determined frm x-ray diffraction of PZT powders, and used with the electrostrictWe
constants to calculate the spontaneous polarization, which Is needed to determine
coefficients of the energy function.
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Relations for the relative dielectric stiffness Xj (= a2 &G/aPiaPj) were derived
from Equation 7.3 for the six solutions:

Pc XI = X22 = X33 = 2Eoa,, X12 = X2 X31= 0 (7.28)

Fr X1-- X22 = 2EO[Ql + cL12P3 + 0x 2P ]3
X33 f 2eo[a1 + 6a1 1 P + 15a 1PI], X12 f  , X31 = 0 (7.29)

Fo Xi, = 2E0 (o + 2x1 2Pj + (2ot,12 + al)P],

X= X33 = 2&o[ot, + (6cz + * 12)P32 + (15a111 + 7a,1 2)r],

X12 X3 = = O, x = 4eo[a 12 P32 + 40 1 2P3) (7.30)

FH7.r XII = = X 3 = =2EO[CI + (6ao + 2otn)P2

+ (15a1 l, + 14
1 12 + ai,3)P3,

X12 = X23 = X31 4E0oz12Pj + (4042 + a12)P] (7.31)

FRLT XII = X22 = X33 2E0 [a, + (6a + 2a 1 ,.)P2

+ (15a.1 + 14aI1 2 + a01 )M + (Nyl + 2-y12 31,

X=1 X23 =X1= 4010112P23 + (441112 + OL2)PM + Y'y 1  (7.32)
Ao Xi, 2Eo (a, + 2gi.pi], Xz = X3 = 2eo(a 1 + (IL, + gz)p]j.

X 12 X31 = 0, X23 = Eo 4P (7.33)

The multplication by permittivity of free space to In these equations was required to
convert from absolute to relative dielectric stiffnesses. Equations 7.28 - 7.33 can be
used to calculate the relative dielectric stgffns for each phase based on the origlnal
cubic axes.

In the orthorhomblc state the polarization can be along of the cI 10> directions
of the original cubic ax. The polarzation of the rhombohedral state can be along any
of the <Ii 1> directions. By rotating these ms so that for both states the new x3 aids Is
along the polar directions, diagonalized matrices will result. The new dielectric
stiffness coefficients (tdicated by a prime) can be related to the old coefkients defined
by equations 7.28 - 7.331 with the following relations:

FO and Ao Xii = Xi, X-i = X33 - X23 (7.34

X;3 = X33 + X, X,, = X, = X = 0

FRIHT) and FRLTJ XI = X2 = XII - X12, X;3 = XII + 2X1z

Xi2 = Xzi = I = 0 (7.35)



These equations can be used to calculate the dielectric stifess of the orthorhombic
and rhombohedral phases parallel and perpendicular to the polar axes.

The dielectric suscepUbility coefficients 11(j) can be determined from the
reciprocal of the dielectric stiffness matrices (XIj) using the followig relation.

"I', = Ajji, (7.36)

where Aj and A are the cofactor and determinant of the xlj matrx Using this relation
results in the following relations for the dielectric susceptibility coefficents no

Pc 1111 = 22 = = /X T112 = 123 = 131 = 0 (7.37)

Fr 1112 22 /Xll, 133 = 11X 3 (7.38)

FandAo = 1/Xl, 1122 = 1133 = X33(3 23

T112 -131 = 0, 1123 D X2]/(X33 - X2) (7.39)

t= ,112 n133 /X;3

"1;2 = 12 = "q31 = 0 (7.40)

FR(fn andFRLT) 11i = 1122 1133 ( X- 3X112 + 2__- -- __X2/Xl IX2 + 23)

'112 = 1123 = 1131 = (X1 2 - XnIX2)/(X31 - 3 X)(X12 + 2X32)

-nit = 19 '2 1=/iiX1133 = I/YJ3 (7.41)

1112 = 71 =1 131 = 0 (7.42)

These equations can be used to calculate the dielectric susceptibilities of each phase
from the coefficients of the eneru function.

7.&.5 P~ewt~Propati
Relations for the piezoelectric bij coefficients ( =oAG/o P" ) were derived from

Equation 7.3 for the tetragonal and rhobohedral states as shown below.

Fr b33 = 2QIIP 3, b31 = b32 = 2Q, 2P3,

bls =b 24 = Q,,P 3 , b = b12 b1 3 = b14 = b16 = 0.

b2 1 = b2 2 = b2 = b2 = b,6 = b4 = b35 = b6 = 0 (7.43)

FRm.) and FR(LJ bl = b= = 2Q11P3, b14 = b25 = b6 = 0

b12= b = = b 31 = =2Qt2P,

b= bt6 = b2.= b26  = b3= Q.P 3 , (7.44)
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Since a coupling term of type XjPiOi was not included In Equation 7.3. the bi
relations (Equation 7.441 for the high and low temperature rhombohedral phases are a
the same form. However. the spontaneous polarizations P3 are defined by different

relations for the high and low temperature rhombohedral phases. and thus different

values would result for these coeficient.

The piezoelectric dij coefficients are defined by.

d,, = bkli k (7.45)

Using this relation for the tetragonal and rhombohedral states results In the following
relations:

Fr d, = 2Foi 13 3QIP3, dl - d32 = 2Eom,3Qi 2P3,

dls -- d2a -= eonlIjQ 4P, dj -- d2 = d3 = d I4 = d6 =- O.

d2 = d2 dn '= dr1  = ,= d = d 2  = d36 = 0 0 .4

FRHT)andFRLT) d1 
= = dd33 = 2eo(ihijQu + 2"12Q 1 )P3,

d12 = d13 = d 23= d, = =d3

- 2Q711,Q12 + q12(Q1, + Q12)lP3,

d,4= d25 = d36 = 2eoq,2Q"P 3.

d=d = d 4 = d26= d = d35 = o(ThI + "1(7)Q-PP, {7.47)

The multiplication by the permltttvty of free space go in these three equations was
required to convert the dielectric susceptbilhtes from relative to absolute. Equations
7.43, 7.44.7.45. and 7.46 can be used to calculate the p'ee ,cr1c b ld d
of the tetragonal and rhombohedral phases from the coefficients of the energy function.
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7.. Deuneadm qf Me - loaftal Conflte

The initial basic assumption applied was that all temperatwe dependence was
carried the lowest order stiffess constants al and I which were made linear functions
of temperature. The Currie temperature Tc was taken from the phase diagram and the
Curie constant C used measured values taken from high density ceramic samples. The
temperature dependence of Ps required to model the higher order alj. Curie was
determined by assuming quadratic electrostriction and measuring the X-ray
spontaneous strain in carefully prepared chemically coprecipated powders. The WPS
Imposes a major constraint upon the a's since It requires that near the 50/50 Zr/TI
cor~postion the tetragonal and rhombohedral phases have similar energies acros a
very wide temperature range.

Full details of the procedures. and of the most recent families of constants can
be found In references 81-85. A tabulation of the room temperature values is given in
table 7.2.

7W7 Idtr/sc PrWofptie of PZr

Plots of the free energy vs compositions, using the fitted parameters are given in
fig. 7.8 for temperatures of 25"C. 75"C and 125"C. The resulting phase diagram deduced
from the crossing points of the phase stability lines for the whole composition
temperature field Is given in fig. 7.9 and Is shown to be in good agreement with the
accepted phase dMgram

Indications of the capability to delineate single domain properties are given in
fig. 7.10 for the susceptibiliy as a function of temperature In the PZT 60:40, and in the
susceptibility as a function of composition at room temperature. given In fig. 7. 11.
Examples of the full family of elasto-dlelectric properties which can be deduced are
given in the original references.

7.4 Rtduuic -- -IU to Respom In WT TMpe likeuoommn

Even In the best poled PZ ceramic, because of the random orientation and the
internal stresses generated by switchMg the large spontaneous strains during poling.
the sample does not come to an ensemble of single domain grams. Thus in considering
the polarzabity of the ceramic in its ferroelectric phases, we must consider the
extrinsic rontibutions due to changes In the polar domain structure and phase makeup
brought about by the field. The type of changes occurring which could contribute to the
polarmability are shown schematically In two dimensions fig. 7.12.

For the plezoelectric response, only exbnslc actions which are shape changing
will contribute so that simple 180" domain wall motion does not contribute, and is In
fact deleterious to piezo response since it contributes polarization without any shape
changes eg.

x3 = 1 ftp and ±P3 give rise to Identical
strains x3 and xI

x = 012 P32

Non 180" wall motion, that is motion of 90" walls in the tetragonal phase. and
motion of 71" and 110* walk in the rhombohedral phases will give rise to shape change.
however, the nature of the shape change will depend on the relation between

s s s ! ! I I2



TABLE 7.2

Value of the coefficients used in the energy function (eq. 7.3) at 25T,

as a (unction of Zr'fl ratio.

Mole Fracuon PbliO. in PZT

0.0 0.1 0.2 0.3 0.4 04j 0.6 0.7 0.8 (0.9 .

7sC 315 26. 0.6 1.14.4 364.3 39:.6 4Ss.4 .5'.:~ 9.1 1 9.
Q : .C7 :10.40 :.063 2.153 2.424 4.--7 Z.E6 L.S1l 1.64Z 1..7 -.50

Q,(10-: m'kC?) 4.620 5.060 5.57a 6.175 7.260 9.W9 6.116 .S7 S.I2 8.5414 $.,Alp
Q(10-: m~c) -1.,191 -. 0 -1.1:0 -1.9"7 -2.708 -1..d0 -2.95 -:.4 :. -. 07 -:D

Q 00-:m'C') 4.6614 .QO 4.16.4 552 6.293 S.!90 o.1t' 6.5 :.; &4"7 6.469 6 -30
e,, (1c0gmF) at 1.1 'C -s.&7 -61 -7.:70 -5.1)6 -".9(U -ki:V s.- i.~ - ~ 337 ' 1
4", (10, m'<*-h 52.35 .5 31.19 :1-30 1--.62 .&0 .tl4 P N:45 1.U.40
tA,: (10' M'CP) -1. -42 (.35 1c4 2.9 1.5 33 5Ilq, W.2 -4 06 7I

,.(10' m'C*Fi i.9: 5. Wq 4. -- 3.;.60 2.7131 1 6 I.S.4 :..;z 2, -;73 235 ;is
(I310' m'C'Fr) 3!2 4.5 16.14 15.:7 12.13 6-1:8 S.503.* 16. 1 9a 0:4 NOW 6.:fql

s.r,(10'C'F) -104.1 -577 -.. 5 -. 0-42 -5690 -2.3-Q - ,.'. -53103, -4,4011 -1.3 -1rw'&
; Wm'F.43 1 .3 4.6:7 3.176 .42 113S." I.Jult !.&,1 1 652 1.2. u5

0s

"RS.

0. 1
2OCFATO bI 3 I Z

at (a] I5C (b 7T.) 125'C.T
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P14. 7. 10 Singe domain dielectric susceptibility calculated for a PZT 60:40 composition.
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Fig 7.11 Dielectric susceptibility of sinpe domain states as a function of Zr:T1 ratio.

NLMZ? Arim bmanm jP hwuca

W Ns Fizu.a

) lrnu,,Ic Szus.z wun IAaX *j t4U j t:4zQ

C2 I V D osiAz WALL Pan a go o M W ~

0) FMiSAsnc WALL w6p

M Fuasaamic hm Ca OtF% 14

Fig. 7.12 Possible mechansms which can contribute to the dielectric polarzabfity in a
ferroelectric PZT at the MPB compositon
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ferroelectric: ferroelasUc wall motion and pure ferroelectric wall motion. From
figure 7.13, if 90' motion occurs before 180" motion the effective shape change reverues
sign with the field. if however 180" motion precedes 90" wall motion the shape change
does not reverse sign with the field and Is effectively electrostrctve. A similar
situation exists for phase boundary motion (fig. 7.14) where again the relation to pure
ferroelectrc 180' wall switching Is quite critical.

It must be stressed that In all these considerations it is that component of wall
motion which s reversible with the field and which persists down to almost zero field
which is of important

FambOASTic WALL MOTON

TaTnAuo. FowmLacTNci, No WALL

bomqmawA. FIRROCLICTRICI 710 WALL

1100 Kt

STRAIN COWLIu, I.. 

A

A € €C t C

C

~A 2
AA

C

go NIsu Wool i0O 100 NTIM nWas ga

NOTION IOIzo.ILCTII ac Nrong ".citosrucrive'
LI Aws LIU AsP65

Ema Cn WTN wis tO
NOlINGI AND rTANITIC

Fig. 7.13 Shape changing effects of 180' pure ferroelectric and ferroelectrlc:ferroelastic
domain wall motion. depicted in schematic two dimensional models.

66



PMUa aUAIV Ibtig

-I- #A#

P m m fl1t1 maim U a huaa Ibwm w

+ Tust ram 1sm.mm
ft In fTw Iw bI n

7.14 Shape chining effects of 180 pure ferroelectric domain motion and of phase

boundary motion in a PZr fenrelectric at a composition n the UM.

7A.1 Oombl ofqf*. 0 -u Mosditi P bAM-y.

During the course of many years of empirical d opmmt a wide range of low
level additives (0-5 mole) have been found to have a marked tInfluence upon dielectric
and piezoelectric properties in PZ" e . In general. the allovalent odes fall
Into two distinct groups. Electron donor additions when the charge on the cation is
larger than that which t replaces In the PZ" structure and electron acceptor additives
where the charge on the cstrn Is ananer than that of the Ion which it replaces (table 7)

The donor additions enhance both dielectric and piesoelectric response at room
temperature and under hih fields show smmetria unbiased hysteresis loops with
good "suar s" sad lower cooy. 5 7 The acceptor additives to general reduce

both dielectric and plezoelectric responses. they give rise to hihly asymmetric
hysteresis response, larger coecvltty and high electrical and mechxnia Q. That the
effects of the dopants ae mostky upon the ezxtni components of response is expected
from their marked Influence on the hysteresis and ts confirmed by the very low
temperature behavious xfg. 7.15). Forthe Navy type I toV the cmnpcsl1ots range from
a stronly dono doping (type V) to a str=ngy acceptor doping In type m but all are at the
same Zr:II ratio. It may be noted that the very large difference In weak field
permittivity (a -3000 -- e -750) is completely lost at liquid helium temperature where
all exrnsic contributions are frozen out. and that the data agree quite well with the
Intrinsic permittv ty calculated from the average of the single domain values deduced
from the thermodynamic theory for that composition and temperature.
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LOWER LEVEL MOIFIEU (0 to 10 HOLE 1)

Tonor* Additives *Acceptor' Additives

N20, or PWNb2O, Fe203
T,20 or T zO6  A12O3

WO3  Cr203
3120., p 0O

SbzO5

L1203  t

V3o.

Other tow Level Addltttvei:

~2k 2 0 i~. G6203. 1fn2O. lt02, 1h02

Fig. 7.15 Common 'dopants' used In 'soft' donor doped and 'hard' 'acceptor' doped PZT
compositions.

In the acceptor doped composition there are vezy good explanations of how the
domain structure (not the wal Is stabfled.88,89,9 In essence the charged acceptor
associates with an oxygen vacancy to produce a slowly mobile deect dipole. The
vacancy is the only mobile defect In the perovsklte at roam temperature and the defect
dipole orients by vacancy migration In the dipole field associated with the domain.
Thus over time the existing domain structure (poled or unpoled) Is stabiliaed and the
walls are "stiffened." Bias phenomena in both poled and unpoled ceramics can be
logically explained as can some facets of" the aging behaviour and the time dependence

It mechanical 0.

For donor doped samples, there are only "hand waving" aruet as to how o
why the domain walls should become more mobile and Indeed It Is not clear whether
the effects are from domain wals, phase bomals or ar defect Induced. Much more
work Is needed to determine the physics of" the softening In these materilsk.

A favorite pastime for empirical development has been the combination of PZlswith relaxr spin glw lead based compositions to produce Improved "soft" high
peFmtt5m hm h coupng ceramic of 7.16) and a vast range a composidons has
been explored. In general the effect Is to lower Te, ra~se e, ras kt and kp and d33. The
typical ranges of advantage are given in 7.16. Usually the comp used follow
closel along the M nto these copntet hase dergnms.

7 d a 3 sctretuc Mtuaths

The poled ferroelectric domain structure of the normal plezoelectrfc Pz'r
provdes very useful actuators with field aIuced strain owi order 1 -2.10 . at field levels
of 10kV/cm. For systems wi requie a fiducal ero strain position however, aging
andde ing of the domain wstt ende bhighfields lead tounco Imfortable changes

A I o



of the zero field dimensions which are unacceptable In precise positioning
applications.

For the elecP trostrictor (fg. 7.17) usefu strain levels require very high levels of
induced polarization Le. high dielectric permittty.

for valtom cage satod oddities$ thme Sstems studiud bave

WPbU 1 I 213)O3:FT1O3061"9,397

ftC(ti 113!b213)@3tPbTI03:PbZvO.75

Pb(Chh,,/3% 3)Oj:PbTIOiPbbZ "

fb(lji 3 *2 3) 3:bT103:?b9 3.
Will %1fe 11 Pa1 3)@3:PbTI@3:Pbtr@3.79

Pb(%d1 ft,3)O3sPbTIO3 .1

W *r10110S.*ftha3s

1Pb(Sb1 / 1 1 )03 sUbtO 3 :FbbO 3* ,IPb

Mie /P1303:flb%3:t"

ft(L11%, 4) 3 tT@3:Pft%.~

ft5b11 1 1 )03 tT'yI 3 'pftgO2.
UbC1Ve,/Pb,)03I~hTIO

3 zftZrS8.W 9

(A%.S1U*,,)T10 3 1bZVO,:ftT10 3.U 19d

Fi& 7.16e Examples of systm using a relaxr additives to PZr.
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Flu. 7.17 Actuation using the direct e--comU Mtte effect In a very high K feroelectric type
perovskite.
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Fig. 7.18 Typical polarizatlonstraln curves In a PMN eletotito actuator as a function
of temperature.
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In the relazor fearTolectrlc spin glass composiUons like lead magnesium
niobate (PUN), at temperatures above the freezing temperature large levels of

poWrzaw can be induced at realizable field levels and high quadratic levels of strain
are pomlble (fig. 7.18). Reproducibility of the strain under cyclic E field is evident in

fig. 7.19. and Is compared to the "walk offr which occurs In a PZTS due to de-aging.
Figure 7.20 show that the strain is truely quadratic when referenced to the polarization
as would be expected in electroctr. It Is Interesting to note that the Q constants for
PMN are essentially temperature independent over the range from 100 to -60"C

(fig. 7.21). An unexpected bonus in the relaxors is that the steady accretion of

polarization for temperatures below T Burns leads to an expansion term of the form

&v aczQll+2Ql2)Pclll>
2

which tends to compensate for the normal thermal contraction. Thus over a range of

temperatures near 20C it is possible to mate PMN:10%PT with ULE glass so that

dimension can be controlled electrically but do not drift thermally.

FV, 7. 19 cotatn the non liea bug m~sal bmrsos i M:T Wwt

the wlk-off'in zero field strain which occurs in a PZT a formulato=
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FIg. 7.20 Quadratic electrostrictive response in a PMN: 10%?? actuator cmoiin
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Dielectric. piezoelectric and elastic properties of poled piezoelectric ceramIcs
are tesor quantities and for many types of application It Is possible to spell out a
figure of merit for the matelal which often requires the enhancement of some of these
tensor coefficients and the diminution of others.

A typical example Is the requireumnt for sensing very weak hydrostatic pressure
waves using large area sensors as in many Navy hydrophone needs fig. 8.1). For
hydrostatic pressure (fig. 8.2) the stress XI = X22 + )W -p. so that the polarization
change P3 is gven by

P3 = d3-p) + d3 (-p) + d3 '(-P)

•* (d + 2d31}-p)

= dh(-p)

where dh is called the hydrostatic piezoelectric charge coefficent.

The voltage generated by the hydrophone. working into a very high Impedance
load will be give by

(d + 2431)
233

and a figure of merit often used for hydrophone materials is the product dhgh

(d3 + 2dl)2dhgh =  3dbg~u 33

For hi sensitivity PZTS. there Is an unfortunate near cancellation such that

d3 3 =-2d3l

so that dh << d33 or d3l. and Zr alM is not a good hydrophone material.s

in eploring composites for hydrophone applications it would be advantageous
from the point of view of density and of flexIblity to combine the ceramic with a
dielectric polymer. Comparing the dmlectric and elastic properties between two such
phases a fascinating Juxta t is evident.

Dielectrically Pzr Is ultra soft (k - 3.000) whilst the polymer is quite stff
(k - 10) but in the elasc responme, just the converse is true. The polymer Is u soft(SI- 30. 10 1 IM2 /N) but the ceramic is very stiff (si - 2.I0 " IM2 1N} thus by careful
control of the mode in which each phase i self-connected in the composite one can
"steer" the fluxes and fields so as to enhance wanted coefficients and dimnish
unwanted coefficients so as to vasy IMPov the gur Of merL
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ArraY M2S0 "ophones)

F1.8.1 examples of the need for large area hydrophorie sensors in submarie acoustim.

PRESSURE SENSING (HYDROPHONE)
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FIg. 8.2 Stress systan seen by the transducer under hydrostatic conditins.
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over some 12 years of Intensive effort to design effective composites three
important basic principles have emerged.

Connectivity. The mode of self 1nterconection of the phases controls the fluxes
and fields in the system enabling a tailoring of the tensor coefficients.

Symmetry. Both the symmetry of the Individual component phases and the
macro symmetry of their arrangement In the composite can be used for
additional control.

Scale. The mode of averaging for the property coeffcients depends upon the
scale of the composite phases In relation to the wavelength of excitation.
Unusual resonances can occur when . and d are comparable.

A major aid in thinking about the design of connectivity was the simple cubes
model91 (fig. 8.3) and the associated notation, now Internationally accepted which
describes the Imenslonality of the connectivity for active and passe phases.

Fig. 8.3 Simple 'cubes model' of connectity patterns possible in a two phase piezoelectric
ceramic polymer composite.
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An indication of the many tyes of connectivites which have been used at penn
State for plm,1ceramic: polymer composites is shown i fig. 8.4 and a measure of the
imprlove-ment in hydrophone figure of merit over pure PZ for some of these systems is
shown In fig. 8.5.

The special cae of the 1:2:3:0 composite which uses PZr rods In a foamed
polymer matrix with transverse glass reinfo ceme -- nt is given in fig. 8.6.

For the 1:3 type composites a major Impediment to evolution for large scale
structures has been the problem of assembly. Recently Fibe Materis of Biddeford.
Maine have applied their ultralooai (0ig. 8.7) technology orginally evolved for thick
secumo carbon:carbon composites to this problem. Using the ultraloom they are able to
stitch PZT posts into a template structure which contains the tranerse glass fiber
reinforcement (fig. 8.8) and make sections up to 4 feet In width and of almot any
length.

The FMI composites are not only interesting for veey large area hydrophones.
but can also be used in an actuator mode. It is interesting to note that with only 5 vol%
PZT and a resultant density of 2.2 gm/cm:3 the tanerse coupling coeffikient kt at 0.70
is larger than that of solid PZl (fig. 8.9).

The 1:3 type concept has also been applied to transducers for medical
ulftrsonms2*9 3 9 Here the requred fi-equeis are much higher -10M~fz so that the
scale is very much smaller and the rod structure can be cut from solid PZ (fg. 810).
Beam characteristics, pulse shape and coupling factor are improved over solid PZT
transducers.

PWICLIEl to A Vutm PVff CONP"ITI NOL PIT 8"9018 IN A PLTYUIN I3 W~U?
("_3I 141l (I-SI

PIT RODS ine a OYNE SMOVICII CObPwITs inSL~gAO s mmmom? SUIWU AUT

PONVOUcuo? ~ulOSeuS TI pSAu ?u~t 101111 YI lye1?

Fig. 8.4 Examples, of composite structures, with different engineered conctv-s
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CCWPARISON OF cdhgb OF VARICUS COMOITES
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n&g 8.6 F~gure of mert for a 1-2-"- Vrmwem reinorced foamed polymweomposite vs
pedaimance of pure MrF.
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F1g. 8.7 The Ultraloom three dimensional weaving machine used by FM! for 1:3 type
Composites.

FVg. 8.8 PZT rod pattern in a transverse reinforced PZT.Epozy composite undergoing
fabrication of the Ultraoom at FM! Inc.
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F4 8.9 Th ilme tesonance curve for an FM! 1:3 composite contaning 5 vo1% of PZr rods.
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Fig. 8.10 Plz iPoTlymer compostes applied to elcctomedka transducton.
(a) The "dice and f8U method of contuction
() Transverse coupling kt of the composite as a function c volume faction PZT.
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In a perovskite structure ferroelectric In its tetragonal ferroelectric phase.
symmetry 4mm the non zero Intrinsic piezoelectric constants of the single domain are:

d31 a d32 = 2Ql 2P3te33

d33 - 2QgIP3e3

d15 = d24 = Q33P3el!

where the QIj are the non zero electrostriction constants

P3  Is the spontaneous electric polarization.
eq the components of the dielectric tensor.

For a bulk ceramic poled into conical symmetry (Curie group - nun) we expect
sinilar relations except that now the Q |j are orientation averages, the P3 is now PR and
em Is to be measured along the poling direction.

In the thin film it is probable that the Q constants are not significantly changed
so that if we can achieve high values of PR and of t33 we might expect strong
piezoelectricity. Initial measurements of the change of film thickness under field.
using the Penn State MRL optical ultradllatometer95 .X show a clear piezoelectric effect
(fig. 9.1). Measuring the slope of a sequence of strain: field curves like figure 9.1 at
different DC bias levels a maximum

d33= 217 pC/N (Is reconed in Og4 9.2).

For an undoped PZr of a similar 52/48 Zr'1I composition

d33 - 223 pC/N.

To measure d31. since the film Is firmly bonded to a platinum film on the silicon
substrate, it was necessary to use a monomorph bending mode excited In a thin silicon
strip. Again the measured deflections yield a value for

d3l = -8.7 pC/N t 9.3).

close to the value

dsl -93.5 pC/N

quoted for the 52:48 Z' undoped composition.

Taking values for the elastic constants S1 1E. s33F . 912 F simlar to the bulk
ceramic it is then possible to derive the piezoelectric coupling coefilents

K33 = 0.49
K31 - 0.22

aV a 0.32.

so
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Fig. 9.1 Thickegstrain x3 measured as a function of aplied DC fild
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FV, 9.2 Pieelectrlc constant d33 as deduced frm a sequence o utraftx&e curves such as
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Fig. 9.3 Strain measured from the flexure of a PZr 52/48 thin film monomorph on a silicon
substrate.

As a reliminay exercise to explore the utility of the high plezoelectric constants
and strong electromechanical coupling for PZT fts on silicon we have cooperated
with Mir and Lincoln Labs to demonstrate a piezoelectric flexure wave micro-motor.

The concept is shown schematically In fig. 9.4. The silicon water Is coated with
a thick (2 ;L meters) silicon oxyritride ilm, then etched frm the back side to define a
window 2.5 mm square. Titanium bonded platinum electrode is deposited upon the
upper surface and a 4,500 A 52:48 PZr sol gel film Is spun on and processed on the
upper surface.

The upper electrode pattern I mm in diameter is plated onto the upper surface of
the PZT using a photo-resist technique.

To examine the surface flexure wave generated by slne:coslne fields applied to
the electrodes a 0.8 mm diameter glass lens was centered on the electrode pattern. With
a field of 2 volts applied It was possible to generate stable rotation of the lens at a speed
- 120 rpm. The experiment was In the nature of a proof of concept, and the system Is
now being redesigned to better locate the plattern and to improve the electrode geometry
and dielectric perfection.

From observation of the acceleration of the glass lens on switching on the fields,
we project that torques of the order 10-9 Newton meters are realized even with this very
primitive design. Such torques would not be unrealistic, given the high energy density
and the strong coupling coefMcient of the ferroelectric film.



FIg. 9.4 Schematic drawngs of the electrode pattern for a P~ t fm, micro-notor usMg
a rotating fl~ur wave generated i a MZ fim. on a aftico y nitride dlaPhrapiL
The rotatingwave has been deosrtdto rotate a small (0.8 mm) glass lens at
-120 rp
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ADVANCED CERAMICS

Electronic ceramics, 601
Structural ceramics, 620

ELECTRONIC CERAMICS

Electronic ceramics is a generic term describing a class of inorganic, nonmetallic
materials utilized in the electronics industry. Although the term electronic ce-
ramics, or electroceramics, includes amorphous glasses and single crystals, it
generally pertains to polycrystalline inorganic solids comprised of randomly
oriented crystallites (grains) intimately bonded together. This random orienta-
tion of small, micrometer-size crystals results in an isotropic ceramic possessing
equivalent properties in all directions. The isotropic character can be modified
during the sintering operation at high temperatures or upon cooling to room
temperature by processing techniques such as hot pressing or poling in an electric
or magnetic field (see CzRAMICS AS Eu CCAL MATERIALS).

The properties of electroceramics are related to their ceramic microstruc-
ture, ie, the grain size and shape, grain-grain orientation, and grain boundaries,
as well as to the crystal structure, domain configuration, and electronic and
defect structures. Electronic ceramics are often combined with metals and poly.
men to meet the requirements of a broad spectrum of high technology applica-
tions, computers, telecommunications, sensors (qv), and actuators. Roughly
speaking, the multibillion dollar electronic ceramics market can be divided into
six equal parts as shown in Figure 1. In addition to SiOrbased optical fibers and

dW(Zrn

Fig. 1. Electronic ceramics market (1).
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displays, electronic ceramics encompass a wide range of materials and crystal
structure families (see Table 1) used as insulators, capacitors, piezoelectrics (qv),
magnetics, semiconductor sensors, conductors, and the recently discovered high
temperature superconductors. The broad scope and importance of the electronic
ceramics industry is exemplified in Figure 2, which schematically displays electro-
ceramic components utilized in the automotive industry. Currently, the growth of
the electronic ceramic industry is driven by the need for large-scale integrated
circuitry giving rise to new developments in materials and processes. The devel-
opment of multilayer packages for the microelectronics industry, composed of
multifunctional three-dimensional ceramic arrays called monolithic ceramics
(MMC), continues the miniaturization process begun several decades ago to
provide a new generation of robust, inexpensive products.

LtOmwture sensor
Knock sensor Pieouidctri¢ buzzer
Coolant temperoture sensor LED loser

Fluorescont tube

QuC ick hote E isplay

Automoti¢ choke heater
Early fuel evoporotion hcot

Spark plu hot box heoter

Distrebutor rotor

0¢ \ Ultrasonic wov@ Senor

Fuel level sensor

Rocket a o E~ xost ga temperatur sensor
CotOlytic substrate

Glow " Heot insulator
Fuem heoter
Swirl €tomber Hybrid IC printed circuit board
PISt*-fring IC package
Turbo rotor Copcitors

Iesistors
Fig. 2. Electronic ceramics for automotive applications. Courtesy of Nippon

Denso. Inc.

Structure-Property Relations

An overview of the atomistic and electronic phenomena utilized in electroceramic
technology is given in Figure 3. More detailed discussions of compositional
families and structure-property relationships can be found in other articles. (See,
for example, FERROELECrmCS, MAGNETC MATEMALS, and SutERCONDUCTIN MA-
TERIALS.)

Multilayer capacitors, piezoelectric transducers, and positive temperature
coefficient (PTC) thermistors make use of the ferroelectric properties of barium
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(a) (bi (Ir '(

Fig. 8. An overview of atomistic mechanisms involved in electroceramic compo-
nents and the corresponding uses: (a) ferroelectric domains: capacitors and piezoelectrics,
PTC thermistors; (b) electronic conduction: NTC thermistor, (c) insulators and substrates;
(d) surface conduction: humidity sensors; (e) ferrimagnetic domains: ferrite hard and soft
magnets, magnetic tape; (f) metal-semiconductor transition: critical temperature NTC
thermistor, (g) ionic conduction: gas sensors and batteries; and (h) grain boundary phe-
nomena: varistors, boundary layer capacitors, PTC thermistors.

titanate (V) [12047-27-71, BaTiO3 , and lead zirconate titanate [12626-81-21. On
cooling from high temperature, these ceramics undergo phase transformations to
polar structures having complex domain patterns. Large peaks in the dielectric
constant accompany the phase transitions where the electric dipole moments are
especially responsive to electric fields. As a result, modified compositions of bar-
ium titanate (qv), BaTi0 3, are widely used in the multilayer capacitor industry
and most piezoelectric transducers are made from lead zirconate titanate,
PbZr..Ti,0 3 , (PZT) ceramics. Applying a large dc field (poling) aligns the do-
mains and makes the ceramic piezoelectric. The designation PZT is a registered
trademark of Vernitron, Inc.

Similar domain phenomena are observed in ferrimagnetic oxide ceramics
such as manganese ferrite (12063-10-4], MnFe2 O4, and BaFe110 17, but the under-
lying mechanism is different. The unpaired spins of Fe8 + and Mn2 + ions give rise
to magnetic dipole moments which interact via neighboring oxygen ions through
a super-exchange mechanism. The magnetic dipoles are randomly oriented in the
high temperature paramagnetic state, but on cooling through the Curie tempera-
ture, Tc, align to form magnetic domains within the ceramic grains. The peak in
the magnetic permeability at Tc is analogous to the peak in the dielectric
constant of ferroelectric ceramics. Domain walls move easily in soft ferrites (qv)
like MnFe2 O4 and r'Fe2O3, which are used in transformers and magnetic tape. In
barium ferrite (11138.11-7), the spins are firmly locked to the hexagonal axis,
making it useful as a permanent magnet.
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Several kinds of conduction mechanisms are operative in ceramic thermis-
tors, resistors, varistors, and chemical sensors. Negative temperature coefficient
(NTC) thermistors make use of the semiconducting properties of heavily doped
transition metal oxides such as n-type Fe2 _.,TiO 3 and p-type Ni1 _LiO. Thick
film resistors are also made from transition-metal oxide solid solutions. Glass.
bonded Bi2_ftPb2,Ru2 0O7_i having the pyrochlore [12174-36-6] structure is typi-
cal.

Phase transitions are involved in critical temperature thermistors. Vana-
dium , V0 2 , and vanadium trioxide [1314-34-7], V20 3, have semiconductor-metal
transitions in which the conductivity decreases by several orders of magnitude on
cooling. Electronic phase transitions are also observed in superconducting ce-
ramics like YBa2Cu30 7 -_, but here the conductivity increases sharply on cooling
through the phase transition.

Ionic conductivity is used in oxygen sensors and in batteries (qv). Stabilized
zirconia, Zrl-zCaO2_ , has a very large number of oxygen vacancies and very
high O2 - conductivity. a-Alumina [12005-4&0], NaA111O17, is an excellent cation
conductor because of the high mobility of Na + ions. Ceramics of f-alumina are
used as the electrolyte in sodium-sulfur batteries.

Surface conduction is monitored in most humidity sensors through the use
of porous ceramics of MgCr2 O4-TiO2 that adsorb water molecules which then
dissociate and lower the electrical resistivity.

Grain boundary phenomena are involved in varistors, boundary layer capac-
itors, and PTC thermistors. The formation of thin insulating layers between
conducting grains is crucial to the operation of all three components. The
reversible electric breakdown in varistors has been traced to quantum mechani-
cal tunneling through the thin insulating barriers. In a BaTiO3-FTC thermistor,
the electric polarization associated with the ferroelectric phase transition neu-
tralizes the insulating barriers, causing the ceramic to lose much of its resistance
below Tc. Boundary layer capacitors have somewhat thicker barriers which
cannot be surmounted, and hence the ceramic remains an insulator. However, the
movement of charges within the conducting ceramic grains raises the dielectric
constant and increases the capacitance.

Lastly, the importance of electroceramic substrates and insulators should
not be overlooked. Here one strives to raise the breakdown strength by eliminat-
ing the interesting conduction mechanisms just described. Spark plugs, high
voltage insulators, and electronic substrates and packages are made from ce-
ramics like alumina, mullite [55964-99-31, and porcelain [1332-58-7].

Electroceramic Processing

Fabrication technologies for all electronic ceramic materials have the same basic
process steps, regardless of the application: powder preparation, powder process-
ing, green forming, and densification.

Powder Preparation. The goal in powder preparation is to achieve a
ceramic powder which yields a product satisfying specified performance stan-
dards. Examples of the most important powder preparation methods for electronic
ceramics include mixing/calcination, coprecipitation from solvents, hydro-
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thermal processing, and metal organic decomposition. The trend in powder syn-
thesis is toward powders having particle sizes less than 1 AM and little or no hard
agglomerates for enhanced reactivity and uniformity. Examples of the four basic
methods are presented in Table 2 for the preparation of BaTiO3 powder. Reviews
of these synthesis techniques can be found in the literature (2,5).

The mixing of components followed by calcination to the desired phase(s)
and then milling is the most widely used powder preparation method (2). Mixing/
calcination is straightforward, and in general, the most cost effective use of
capital equipment. However, the high temperature calcination produces an ag-
glomerated powder which requires milling. Contamination from grinding media
and mill lining in the milling step can create defects in the manufactured product
in the form of poorly sintered inclusions or undesirable compositional modifica-
tion. Furthermore, it is difficult to achieve the desired homogeneity, stoichiome-
try, and phases for ceramics of complex composition.

Coprecipitation is a chemical technique in which compounds are precipi-
tated from a precursor solution by the addition of a precipitating agent, for
example, a hydroxide (5). The metal salt is then calcined to the desired phase. The
advantage of this technique over mixing/calcination techniques is that more
intimate mixing of the desired elements is easily achieved, thus allowing lower
calcination temperatures. Limitations are that the calcination step may once
again result in agglomeration of fine powder and the need for milling. An addi-
tional problem is that the ions used to provide the soluble salts (eg, chloride from
metal chlorides) may linger in the powder after calcination, affecting the proper-
ties in the sintered material.

Hydrothermal processing uses hot (above 100°C) water under pressure to
produce crystalline oxides (6). This technique has been widely used in the forma-
tion process of A120 3 (Bayer Process), but not yet for other electronic powders.
The situation is expected to change, however. The major advantage of the
hydrothermal technique is that crystalline powders of the desired stoichiometry
and phases can be prepared at temperatures significantly below those required for
calcination. Another advantage is that the solution phase can be used to keep the
particles separated and thus minimize agglomeration. The major limitation of
hydrothermal processing is the need for the feedstocks to react in a closed system
to maintain pressure and prevent boiling of the solution.

Metal organic decomposition (MOD) is a synthesis technique in which
metal-containing organic chemicals react with water in a nonaqueous solvent to
produce a metal hydroxide or hydrous oxide, or in special cases, an anhydrous
metal oxide (7). MOD techniques can also be used to prepare nonoxide powders
(8,9). Powders may require calcination to obtain the desired phase. A major
advantage of the MOD method is the control over purity and stoichiometry that
can be achieved. Two limitations are atmosphere control (if required) and expense
of the chemicals. However, the cost of metal organic chemicals is decreasing with
greater use of MOD techniques.

Powder Processing. A basic guideline of powder manufacturing is to do
as little processing as possible to achieve the targeted performance standards (see
POWDERS, HANDLING). Ceramic powder fabrication is an iterative process during
which undesirable contaminants and defects can enter into the material at any
stage. Therefore, it is best to keep the powder processing scheme as simple as
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possible to maintain flexibility. Uncontrollable factors such as changes in the
characteristics of as-received powders must be accommodated in the processing
from batch to batch of material. Keeping the processing simple is not always
possible: the more complex the material system, the more complex the processing
requirements.

A fundamental requirement in powder processing is characterization of the
as-received powders (10-12). Many powder suppliers provide information on tap
and pour densities, particle size distributions, specific surface areas, and chemical
analyses. Characterization data provided by suppliers should be checked and
further augmented where possible with in-house characterization. Uniaxial char-
acterization compaction behavior, in particular, is easily measured and provides
data on the nature of the agglomerates in a powder (13,14).

Milling is required for most powders, either to reduce particle size or to aid
in the mixing of component powders (15). Commonly employed types of commi-
nution include ball milling, and vibratory, attrition, and jet milling, each pos-
sessing advantages and limitations for a particular application. For example, ball
milling is well-suited to powder mixing but is rather inefficient for comminution.

Green Forming. Green forming is one of the most critical steps in the
fabrication of electronic ceramics. The choice of green forming technique depends
on the ultimate geometry required for a specific application. There are many
different ways to form green ceramics, several of which are summarized in Table
3. Multilayer capacitors require preparation and stacking of two-dimensional
ceramic sheets to obtain a large capacitance in a small volume. Techniques used
to prepare two-dimensional sheets of green ceramic, including tape casting,
(16-22) are discussed later under processing of multilayer ceramics. Manufactur-
ing methods for ceramic capacitors have been reviewed (23).

TAbl . Green Fern** Procedures ior Elfetront Ceramics

Green forming
method Geometries Applications

uniaxial pressing disks, toroids, plates disk capacitors, piezo transducers,
magnets

cold isostatic complex and simple spark plugs, ZrO 2-0 2 sensors
pressing

colloidal casting complex shapes crucibles, porcelain insulators
extrusion thin sheets (>80 an), substrates, thermocouple insulator,

rods, tubes, honeycomb catalytic converters, PTC
substrates thermistor beaters

injection molding small complex shapes ZrO2-0 2 sensors
(<1.0 cm)

Uniaxial pressing is the method most widely used to impart shape to ceramic
powders (24). Binders, lubricants, and other additives are often incorporated into
ceramic powders prior to pressing to provide strength and assist in particle
compaction (25). Simple geometries such as rectangular substrates for integrated
circuit (IC) packages can be made by uniaxial pressing (see INTWORATED CII-
cunr).
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More complex shapes can be made by cold isostatic pressing (CIP). CIP uses
deformable rubber molds of the required shape to contain the powder. The appli-
cation of isostatic pressure to the mold suspended in a pressure transfer media,
such as oil, compacts the powder. CIP is not as easily automated as uniaxial
pressing, but has found wide application in the preparation of more complex
shapes such as spark plug insulators (26).

Slip or colloidal casting has been used to make complex shapes in the
whiteware industry for many years (24). Other work has shown that colloidal
casting can be used to produce electronic ceramic materials having outstanding
strength because hard agglomerates can be eliminated in the suspension process-
ing (27-29). Colloidal casting uses a porous mold in which the fine particles in a
colloidal suspension accumulate because of capillary forces at the wall surface of
the mold. Relatively dense packing of the particles, to approximately 60% of
theoretical density, can be achieved. More importantly, hard aggregates can be
eliminated from the colloid by suitable powder selection and processing. Drying
of the resulting material may not be trivial and sections greater than about
-1.25 cm thick are sometimes difficult to obtain.

In addition to being the preferred forming technique for ceramic rods and
tubes, extrusion processes are used to fabricate the thick green sheets used in
many electronic components (24,30,31). The smallest thickness for green sheets
prepared by extrusion techniques is about 80 jan. Organic additives similar to
those used in tape casting are employed to form a high viscosity plastic mass that
retains its shape when extruded. The extrusion apparatus, schematically shown
in Figure 4, consists of a hopper for introduction of the plasticized mass, a de-
airing chamber, and either a screw-type or plunger-type transport barrel in which
the pressure is generated for passage of the plastic mass through a die of the
desired geometry. The plastic mass is extruded onto a carrier belt and passed
through dryers to relax the plastic strain remaining after extrusion. The green
sheet can be stamped or machine diced to form disks, wafers, or other platelike
shapes.

4Sci -ty patsfrgf

ig. 4. Sceai fextuion type apparatus for green sheet fabrication.
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Injection molding is particularly suited to mass production of small complex
shapes with relatively small (< 1.0 cm) cross sections (32-34). Powders are mixed
using thermoplastic polymers and other organic additives. A molten mass com-
posed of the ceramic and a thermoplastic binder system are injected via a heated
extruder into a cooled mold of desired shape. The organic is burned out and the
ceramic consolidated. Machining fragments from the green ceramic can be recy-
cled because the thermoplastic polymers can be reversibly heated. Molds can be
relatively expensive so injection molding is best suited to the preparation of a
large number of single parts. Because of the high organic content required,
organic removal is not trivial. Green sections greater than 1.0 cm thick require
slow heating rates during burnout to avoid bloating and delamination of the
green ceramic.

Denslficalon. Densification generally requires high temperatures to elim-
inate the porosity in green ceramics. Techniques include pressureless sintering,
hot-pressing, and hot isostatic pressing (HIP). Pressureless sintering is the most
widely used because of ease of operation and economics. Hot-pressing is limited to
relatively simple shapes whereas more complex shapes can be consolidated using
HIP (35). Sintering is used for most oxide electronic ceramics. Hot-pressing and
HIP, which employ pressure and high temperatures, are used to consolidate
ceramics in which dislocation motion (leading to pore elimination) is sluggish.
Both techniques are particularly useful for nonoxide materials such as silicon
nitride [1203389-51 and silicon carbide (409-21.2)(35,36) (see CARBIDES; NrrMuDES).

Special precautions are often used in the sintering of electronic ceramics.
Heating rates and hold times at maximum temperature are critical to microstruc-
tural development and grain size control. Sintering cycles may include intermedi-
ate temperature annealing or controlled cooling to relieve residual strains or
avoid deleterious phase transformations. Atmosphere control may be important
to prevent loss of volatile components or avoid reduction reactions. In continuous
production, sequential burnout (organics) and sintering may take place in the
same furnace, requiring complex temperature cycles even for relatively simple
devices. Complex devices such as thick film circuits and monolithic multi.
component ceramics may require many sequential fabrication and sintering steps.

Processing of Multlayer Ceramics

Rapid advances in integrated circuit technology have led to improved processing
and manufacturing of multilayer ceramics (MLC) especially for capacitors and
microelectronic packages. The increased reliability has been the result of an
enormous amount of research aimed at understanding the various microstruc-
tural-property relationships involved in the overall MLC manufacturing process.
This includes powder processing, thin sheet formation, metallurgical interac-
tions, and testing.

Presently, multilayer capacitors and packaging make up more than half the
electronic ceramics market. For multilayer capacitors, more than 20 billion units
are manufactured a year, outnumbering by far any other electronic ceramic
component. Multilayer ceramics and hybrid packages consist of alternating lay-
ers of dielectric and metal electrodes, as shown in Figures 5 and 6, respectively.
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Fig. 5. Schematic cross section of a conventional MLC capacitor.
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Fig. 6. Schematic of a MLC substrate for microelectronic packaging (37).

The driving force for these compact configurations is miniaturization. For capaci-
tons, the capacitance (C) measured in units of farads, F, is

where K is the dielectric constant (unitless); co the permittivity of free space =
8.86 x 10- 2 F/m; A the electrode area, m; and f the thickness of dielectric layer,
m. Thus C increases with increasing area and number of layers and decreasing
thickness. Typical thicknesses range between 15 and 36 pam. Similarly, for sub.
strate packages, the multilayer configuration incorporates transversely inte-
grated conductor lines and vertical conducting paths (via.) allowing for numer-
out interconnects to components throughout the device system and power
distribution in a relatively small space. MLC substrates capable of providing
12,000 electrical connections containing 350,000 vias are currently manufactured
(38,39).
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A number of processing steps, shown in Figure 7. are used to obtain the
multilayer configuration(s) for the ceramic-metal composites. The basic process
steps are slip preparation, green tape fabrication, via-hole punching (packages),
printing of internal electrodes or metallization, stacking and laminating, dicing
or dimensional control, binder burnout, sintering, end termination, and en-
capsulation. After each processing step, quality control in the form of nondestruc-
tive physical and electrical tests ensures a uniform end-product.

-Z-
loan~

ma

Fig. 7. Fabrication process for MLC capacitors. Steps are (a) powder, Wb slurry
preparation; (c) tape preparation; (d) electroding; (e) stacking; (f) lamination; (g) dicing,
(h) burnout and firing; and (i) termination and lead attachment.

The basic building block, the ceramic green sheet, starts using a mixture of
dielectric powder suspended in an aqueous or nonaqueous liquid system or
vehicle comprised of solvents, binders, plasticizers, and other additives to form a
slip that can be cast in thin, relatively large area sheets. The purpose of the binder
(20,000-30,000 molecular weight polymers) is to bind the ceramic particles to-
gether to form flexible green sheets. Electrodes are screened on the tape using an
appropriate paste of metal powders. Solvents play a number of key roles, ranging
from deaggiomeration of ceramic particles to control the viscosity of the cast slip,
to formation of microporosity in the sheet as the solvent evaporates. Plasticizers,
ie, small to medium sized organic molecules, decrease cross-linking between
binder molecules, imparting greater flexibility to the green sheet. Dispersants,
typically 1,000 to 10,000 molecular weight polymer molecules, are added to slips to
aid in the de-agglomeration of powder particles, allowing for higher green densi-
ties in the cast tape. Several review articles on the functional additives in tape
cast systems are available (16,17,25,4044). The resulting slip should have
pseudoplastic rheological behavior so that the slip flows during high shear rate
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casting operations, but displays little or no flow afterward, thus maintaining tape
dimension (45).

There are several methods to make large ceramic sheets for MLC manufac.
turing (17-23). The methods include glass, belt and carrier film casting, and wet
lay down techniques. The relative advantages and limitations of each technique
have been reviewed (46). The two most commonly employed techniques, belt
casting and doctor blading, are depicted schematically in Figure 8.

1044mie Strippe

''

Fig.6. Schematic of methods for MLC manufacturingr, (a) belt casting; (b) carrier
film catn using a doctor blade.

Metallisation of the gpreen sheets is usually carried out by screen printing,
whereby a auitable metal ink consisting of metal powders dispersed in resin and
solvent vehicles is forced through a patterned screen. Palladium (7440.05-3 and
silver-palladium (Ag:Pd) alloys are the most common form of metallization;
tungsten (74403] and molybdenum [7439-9-7] are used for high (> 1500°C)
temperature MLCs (47-52). Following screening, the metallized layers are
stacked and laminated to register (align) and fuse the green sheets into a mono-
lithic component. Proper registration is crucial to achieve and maintain capaci-
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tance design (MLC capacitors) and for proper via-hole placement in MLC pack-
ages.

Sintering is the most complex process in MLC fabrication. Ideally, the
binder burnout and sintering steps are performed during the same temperature
cycle and in the same atmosphere. Most binders burn out by 500°C, well before
pore closure in the densification of most ceramics. Sintering behavior of the many
different MLC components must be reconciled to achieve a dense material. Inter-
nal metallization and the dielectric must co-fire in a single process. Firing
temperatures are related to material composition and can be adjusted using
additives. Densification rates are related both to the process temperature and to
particle characteristics (size, size distribution, and state of agglomeration). Thus,
the burnout and sintering conditions depend heavily on the system.

After densification, external electrode termination and leads are attached
for MLC capacitor components, and pin module assembly and IC chip joining is
carried out for MLC packages. The devices are then tested to ensure performance
and overall reliability.

Thick Filn Technology

Equally important as tape casting in the fabrication of multilayer ceramics is
thick film processing. Thick film technology is widely used in microelectronics for
resistor networks, hybrid integrated circuitry, and discrete components, such as
capacitors and inductors along with metallization of MLC capacitors and pack-
ages as mentioned above.

In principle, the process is equivalent to the silk-screening technique
whereby the printable components, paste or inks, are forced through a screen
with a rubber or plastic squeegee (see Fig. 7). Generally, stainless steel or nylon

Table 4. Componenls of Thick Film Compo.itlon.8

Component Composition

functional phase
conductor Au. Pt/Au

Ag, Pd/Ag
Cu, Ni

resistor RuO2
Bi2 RugO7
LaB6

dielectric BaTiO3
glass
glass-ceramic
A103

binder glas: boroailicates, aluminosilicates
oxides: CuO, CdO

vehicle volatile phase: terpineol, mineral spirits
nonvolatiles: ethyl cellulose, acrylates

"hf. 53.
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filament screens are masked using a polymeric material forming the desired
printed pattern in which the composition is forced through to the underlying
substrate.

Thick film compositions possess three parts: (1) functional phase, (2) binder,
and (3) vehicle. The functional phase includes various metal powders for conduc-
tors, electronic ceramics for resistors, and dielectrics for both capacitors and
insulation. Examples of typical components for thick film compositions are given
in Table 4. The binder phase, usually a low (<1000C) melting glass adheres the
fired film to the substrate whereas the fluid vehicle serves to temporarily hold the
unfired film together and provide proper rheological behavior during screen
printing. Thick film processing for hybrid integrated circuits typically takes place
below 1000"C providing flexible circuit designs.

Current and Future Developments In Multlayer Electronic Ceramics

Advances in the field of electronic ceramics are being made in new materials,
novel powder synthesis methods, and in ceramic integration. Monolithic
multicomponent components (MMC) take advantage of three existing technolo-
gies: (1) thick film methods and materials, (2) MLC capacitor processes, and (3) the
concept of cofired packages as presented in Figure 9. Figure 10 shows an exploded
view of a monolithic multicomponent ceramic substrate.

Th W. kyw H~h te rltre
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cmfersnc srn I , m toen tem
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me", (Au, A& OUX msf (P. Au PdAg); ROW .O. W Mo-
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ffd" f v at mk* *g at 900-1100C: ske 1WQx 1
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Fig. 9. Monolithic multilayer cerammics (MMC) derived from multilayer capacitor,
high temperature cofire, and thick film technologie.
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Fig. 10. Exploded view of a monolithic multicomponent ceramic substrate. Layers
(a) signal distribution; Wb resistor. (c) capacitor, (d) circuit protection; and (e) power
distribution are separated by Mf barrier layers.

New materials for packaging include aluminum nitride [24304-M0SI, AIN,
silicon carbide 1409-21-41, SiC, and low thermal expansion glass-ceramics, re-
placing present day alumina packaging technology. As shown in Table 5, these
new materials offer significant advantages to meeting the future requirements of
the microelectronics industry. Properties include higher thermal conductivity,

Tab SL Propelss of High PseaCer a~ Mif suinvow
90%

Properties AIN SiC Glass-ceramics A103

thermal conductivity, W/(m IC) 230 270 5 20
thermal expansion coefficient, 43 37 30-42 67

irI - 400C X 10-7/Cb
dielectric constant at I MHz 8. 42 3.9-7.8 9.4
flexural strength. kg/cm 2 35OD-4000) 4500 1500 3000
thin film metals Ti/Pd/Au Ti/Cu Cr/Cu. Au Cr/Cu

Ni/Cr/Pd/Au
thick film metals Ag-Pd Au Au, Cu. Ag-Pd

Cu Ag-Pd Ag-Pd Cu, Au
cofired metals W Mo Au-Cu, W. Mo

Ag-Pd
cooling capability, OC/W

air 6 5 s0 30
water' <1 <1 <1 <1

bRr - iuom tsupsahrs.
9Exernal cooling.
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lower dielectric constant, cofire compatibility, and related packaging character.
istics such as thermal expansion matching of silicon and high mechanical
strength as compared to A120 3.

Greater dimensional control and thinner tapes in multilayer ceramics are
the driving forces for techniques to prepare finer particles. Metal organic decom-
position and hydrothermal processing are two synthesis methods that have the
potential to produce submicrometer powders having low levels of agglomeration
to meet the demand for more precise tape fabrication.

As stated above, the development of multifunctional MLCs based on exist-
ing technologies offers excellent growth potential since MMCs combine the
possibilities of both the high cofire (packaged) substrates and burial of surface
devices (54-57). Burial of surface devices promises gains in both circuit density
and device hermiticity, leading to increased reliability. Processing trade-offs are
expected since current electronic materials for multilayer applications (capaci-
tors, transducers, sensors) are densified at very different firing temperatures.
Consequently, integrated components will likely be of lower tolerance and limited
range, at least in the early developmental stages. Current efforts have been
directed toward incorporation of multilayer capacitor-type power planes and
burial of thick film components, including resistors and capacitors. The latter
processing technology offers more immediate possibilities as it is developed to
cofire at conventional thick film processing temperatures for which a wide range
of materials exist.

The continuing miniaturization of electronic packaging should see the re-
placement of components and proceses using such thin film technologies devel-
oped for semiconductors as sputtering, chemical vapor deposition, and sol-gel
(see SOL-GEL. TCHNOLOGY; THIN FILMS) (58,59). Sputtering is the process whereby
a target material is bombarded by high energy ions which liberate atomic species
from the target for deposition on a substrate. Chemical vapor deposition (CVD)
involves a gaseous stream of precursors containing the reactive constituents for
the desired thin film material, generally reacted on a heated substrate. The more
recent process for thin films, sol-gel, uses a nonaqueous solution of metal-
organic precursor. Through controlled hydrolyses, a thin, adherent film is pre-

TAWe 4. Cunren and Future Dieeipm ts In Thin Film Elecbronlc Ceramics

Material Application Methods

PT, PZT, PLZT nonvolatile memory, ir, sol-gel, sputtering
pyroelectric detectors,
electro-optic waveguide,
and spatial light modulators

diamond (C) cutting tools, high temperature chemical vapor
semiconductors, protective deposition (CVD)
optical coatings

SiO2, BaTiO3  capacitors sol-gel, sputtering,
chemical vapor
deposition (CVD)

1:2:3 superconductors squids, nmr, interconnects

OR be and 0.
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pared by dip-coating or spin-coating. The dried "gel" film is then crystallized and
densified through heat treatments. Both existing and future developments of thin
film electronic ceramics and methods are presented in Table 6.
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TUNABLE TRANSDUCERS:
NONLINFAR PHENOMENA IN ELECTMRKEAMCS

Robert E. Newnham
Maerials Research Laboratory
Pennsylvania State University
University Park, PA 16.

ABSTRACT

The concept of a fully tunable transducer is developed as an example of a
very smart material whose sensing and actuating functions can be tuned to
optimize behavior. By constructing the composite transducer from an elastically
nonlinear material (rubber) and an electrically nonlinear material (relaxor
ferroelectric), most of its key properties can be adjusted over wide ranges by
applying DC bias fields or mechanical prestress. These properties include
resonant frequency, acoustic and electric impedance, damping factors, and
elecoechanical coupling coefficients.

The origins of nonlinear properties are considered briefly using
electrostriction as an example. The nonlinearities usually involve phase
trnsformatios and size-dependent phenomena on the nanometer scale.

INTRODUCTION

Much of the recent interest in nonlinear phertomena stem from the desire
to build "smart materials" for intelligent systems. The words "smat mamials"
have different meanings for different people, and can be smart in either a passive
sense or an active sense. passively smart materials incorporte self-reair
mechanisms or stand-by phenomeia which enable the material to withstand
sudden chanjes in the smuounding.

Ceramic varistors and FTC thermistors are passively smart materials.
When struck by lightning or otherwise subjected to high voltage, a zinc oxide
varistor loses its electrical resistance and the current is bypassed to ground. The
resistance change is reversible and acts as a stand-by protection phenomenon.
Barium titanate PTC thermistors show a large increase in electrical resistance at
the ferroelectric phase transfoatmmion near 130C. The jump in resistance enables
the thamistar to arrest current surges, again acting as a protection element. The
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R(V) behavior of the varistor and the R(T) behavior of the FTC thermistor are
both highly nonlinear effects which act as standby protection phenomena, and
make the ceramics smart in a passive mode.

A smart ceramic can also be defined with reference to sensing and
actuating functions, in analogy to the human body. A smart ceramic senses a
change in the environment, and using a feedback system, makes a useful
resvonse. It is both a sensor and an acutator. Examples include vibration
damping systems for space structures and energy-saving windows for homes and
factories. The new electronically-controlled automobile suspension systems
using piezoelectric ceramic sensors and actuators constitutes an actively smart
material

By building in a learning function, the deinition can be extended to a
higher level of intelligence: A very smart cerar-ic senses a change in the
environment and responds by changing one or more of its poperty coefficients.
Such a material can tune its sensor and actuator functions in time and space to
optimize behavior. The distinction between smart and very smart materials is
essentially one between linear and nonlinear properties. The physical properties
of nonlinear mateials can be adjusted by bias fields or forces to control response.

TUNABLE TRANSDUCER

To illustrate the concept of a very smart material, we describe the tunable
transducer recently developed in our laboratory. Electromechanical tmnsducer.
are used as fish finders, gas igniters, ink jets, micropositioners, biomedical
scanners, piezoelectric transformers and filters, accelerometers, and motors.

Four impoant properties of a transducer are the resonant f, the
acoustic impedance ZA, the mechanical damping coefficient , the
electromechanical coupling factor k, and the elccimpedance Z. The
resonant frequency and acoustic impedance are controlled by the elastic constants
and density, as discussed in the next section. Ihe mechanical Q is governed by
the damping coefficient (tan 8) and is important becase it controls "ringing" in
the transducer. Elctomechanical coupling coefficients are controlled by the
piezoelectric coefficient which, in turn, can be controlled and fine-tuned using
relaxor feiroelectics with large eiectr "Wi-tive effects. The dielectric "constat"
of relaxor ferroelectrics depends markedly on DC bias fields, allowing the
electrical impedae to be tuned over a wide range as well. In the following
sections we describe the nature of nonlinearity and how it controls the propers
of a tunable tuansducer.

ELASTIC NONLINEARITY: TUNING THE RESONANT FREQUENCY

Information is transmitted on electromagnetic waves in two ways:
amplitude modulation (AM) and frequency modulation (T). There are a number
of advantages to FM signal processing, especially where lower noise levels we
impoant.
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Signal-to-noise ratios are also important in the ultrasonic systems used in
biomedical an nondestructive testing systems, but FM-modulatio. is difficult
because resonant frequencies are controlled by stiffness (c) and sample
dimensions (t):

Neither c, t, or the density p can be tuned significantly in most materials, but
rubber is an exception. To tune the resonant frequency of a piezoelectric
transducer, we have designed and built a composite transducer incorporaing thin
rubber layers exhibiting nonlinear elasticity.

Rubber is a highly nonlinear elastic medium. In the unstressed
compliant state, the molecules are coiled and tangled, but under stress the
molecules align and the material stiffens noticeably. Experiments carried out on
rubber-metal laminates demonstrate the size of the nonlinearity. Young's
modulus (E -- 1/s111) was metasured for a multilayer laminate consisting of
alternating steel shim and soft rubber layers each 0.1 mm thick. Under
compressive sses of 200 MN/h 2 , the stiffness is quadrupled from about 600
to 2400 MN/m2 . The resonant frequency f is therefore double, and can be
modulated by applied stress.

Rubber, like most elastomers, is not piezoelectric. To take advantage of
the elastic nonlinearity, it is therefore necessary to construct a composite
transducer consisting of a piezoelectric ceramic (PZT) transducer, thin rubber
layers, and metal head and tail masses, all held together by a sess bol.

The resonant frequency and mechanical Q of such a triple sandwich
structure was measured as a function of stress bias. Stresses ranged from 20 to
100 MPa in the experiments. Under these conditions the radial resonant
frequency changed from 19 to 37 k~z, app oiaey doubling in feunyas
predicted from the elastic nonlinearity. At the same time the mechanical Q
increases from about 11 to 34 as the rubber stiffens under sums

The changes in resonance and Q can be modeled with an equivalent
circuit in which the compliance of the thin, rubber layers are represented as
capacitors coupling together the large masses (represented as inductors) of the
PZT transducer and the metal head and tal masses. Under low stress bias, the
rubber is very compliant and effectively isolates the PZ" transducer from the head
and tail masses. At very high stress, the rubber stiffens and tightly couples the
metal end pieces to the resonating PZT ceramic. For intermediate stresses the
rubber acts as an impedance transformer giving parallel resonance of the PZT -
rubber - metal -radiation load.

It is interesting to compare the change in frequency of the tunable
transducer with the transceiver systems used in the biological world. The
biosonar system of the flying bat is similar in frequency and tunability to our
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tunable transducer. The bat emits chirps at 30 kllz and listens for the return
signal to locate flying insects. To help it differentiate the return signal from the
outgoing chirp, and to help in timing the echo, the bat puts an FM signature on
the pulse. This causes the resonant frequency to decrease from 30 to 20 kHz near
the end of each chirp. Return signals from the insect target are detected in the ears
of the bat where neural cavities tuned to this frequency range measure the time
delay and flutter needed to locate and identify its prey. Extension of the bat
biosonar principle to automotive, industrial, medical and entertainment systems is
obvious.

PIEZOELECTRIC NONLINEARITY: TUNING THE
ELECTROMECHANICAL COUPLING COEFFICIENT

The difference between a smart and a very smart material can be
illustrated with piezoelectric and electrostuictive ceramics. PZT (lead zirconaze
titanate) is a piezoelectric ceramic in which the ferroelectric domains are aligned in
a poling field. Strain is linearly proportional to electric field in a piezoelectric
material which means that the piezoelectric coefficient is a constant and cannot be
electrically tuned with a bias field. Nevertheless it is a smart material because it
can be used both as a sensor and an actuator.

PMN (lead magnesium niobate) is not piezoelectric at room temperature
because its Curie temperature lies near OC. Because of the proximity of the
ferroelectric phase transformation, and because of its diffuse nature, PMN
ceramics exhibit very large electrostrictive effects. The nature of this large
nonlinear relationship between strain and electric field, and of its underlying
atomistic origin, will be described later.

ec hancal strains comprable to PZT can be obtained with
electruictive ceramics like PMN, and without the troubling hysteretic behavior
shown by PZT under high fields. The nonlinear relation between strain and
electric field in electrostrictive transducers can be used to tune the piezoelectric
coefficient and the dielectric constant.

The piezoelectric d33 coefficient is the slope of the strain-electric field
curve when strain is measured in the samne direction as the applied field. Its value
for Pb (MgO3Nbo. 6 Tio.1) 03 ceramics is zero at zero field and increases to a
maximum value of 1300 pCIN (about three times hrger than PZT) under a bias
field of 3.7 kV/cm.

This means that the electromechanical coupling coefficient can be tuned
over a very wide range, changing the transducer from inactive to extremely active.
The dielectric constant also depends on DC bias. The polarization saturates under
high fields causing decreases of 100% or more in the capacitance. In this way the
electrical impedance can be controlled as well.
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Electrostrictive transducers have already been used in a number of
applications including adaptive optic systems, scanning tunneling microscopes,
and precision microposihoners.

To summarize, two types of nonlinearity are utilized in the fully tunable
transducer: elastic nonlinearity and piezoelectric nonlinearity. By incorporating
thin rubber layers in an electrostrictive transducer several important e can
be optimized with bias fields and bias stresses. Electromechanical coupling
coefficients and electric impedance are tuned with electric field, and mechanical
damping, resonant frequency, and acoustic impedance with stress bias.

RELAXOR FERROELECTRICS

In the three remaining sections we consider the atomistic origin of
nonlinear behavior in ceramics. The magnesium - niobium distribution in PMN
ceramics have been studied by transmission electron microscopy. Images formed
from superlattice reflections show that the size of the regions with 1:1 ordering is
approximately 3 nm (=30A). The ordered regions are small islands separated by
narrow walls of niobium - rich PMN.

A simple energy argument explains the scale of the ordered regions.
The chemical formula of PMN can be divided into 1:1 ordered regions with
niobium-rich coatings as follows:

Pb3MgNb O9 - (P 2Mg ) + (bbO3)+

assuming all ions have their usual valence states, the ordered regions will be
negatively charged and the coatin- positive. Th ordering must therefore be on a
very fine scale in order So minaii coulomb energy.

A cubes model is adopted to estimate the size of ordered islands. Let
each island be a cube n unit cells on edge. Then there will be n3/2 Mg atom and
n3/2 Nb atoms within the island This means that n312 Nb atoms are excluded
from the island because the Mg:Nb raion is 1:1 in the ordered island and 1:2 in
the chemical formula. We assume the excluded niobiums form a thin monolayer
coating on the cubes then n3/2 = 3n2, where 3n2 is the number of surface atoms
per cube, neglecting edges and corners. By keeping the coating as thin as
possible, charge is neutralized on a local scale, and electrostatic energy is
minimize.

Solving the equation gives n-6, or 24, surprisingly close to the 30A
observed by TEM. It is also interesting to compare this result with the behavior
observed of small ferroelectric particles. X-ray studies of very fine-grained
PbTjO3 show that the polar tetragonal phase becomes unstable below about
200A, the so-called ferroelectric - superparaelectric tasformaton. Relaxor
feroelecuics like PMN exhibit many of the characteristics of superparaclectric
solids where the dipole moments are strongly coupled to one another, but not to a
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crystallographic axis. The coupled electric dipoles oscillate in orientation and
respond readily to applied fields giving rise to large dielectric constants and
massive electrostriction coefficients.

SEVEN MISCONCEPTIONS ABOUT ELECIROSTRICTION

Perhaps the best way to describe the basic features of nonlinear physical
properties is to first dispel some of the common misconceptions. Some of the
key ideas are described in this section using electrostriction as an example.

Misconception #1: Electrostrictive strain is proportional to the square of the
electric field.

When an electric field E is applied to an insulator it develops a polarization
P and a strain e. In tensor notation the strain can be written as a power series in E
or in P.

(1) eij = dijkEk + Mijkl EkEl +.

(2) eij = dijPk + QijkI PkP +....

The first term in both equations represents piezoelectricity, the second
electrostriction. Piezoelectricity is a third rank tensor property found only in
noncentrosymmetric materials. It is absent in most ceramic materials, but
electrostriction is not. The electrostriction coefficients MM or .QiiJ constitute a
fourth rank tensor which, like the elastic constants, are found in all materials,
regardless of symmetry. In the discussion which follows, we deal wvith
centrosymmenic media for which the piezoelectric coefficients are zero.

Returning to equations (1) and (2), which of these equations is the correct
way to describe electrostiction, or can both be used? For normal low ttivty
materials, the polarization P is proportional to the applied electric E, and
therefore both expressions are correct, but for high permittivity solids only one is
correct. Under high fields, the polarization saturates in high permttivity
materials, especially in ferrolctric cmmics just above Tc, the Cuie teMpeaue
In capacitor dielectrics, it is not unusual to observe a decrease in dielectric
constant of 100% under high electric fields. In this situation P is not poportonal
toE, and therefore elecF srictive strain cannot be proportional to both E2 and P2

When strain is plotted as a function of electric field for PMN-PT, a
typical electrostrictive transducer ceramic, it is not Jroportional to E2 except for

small fields where the shape is parabolic. When plotted as function P2, a straight
line is obtained for the e(P2) relationship. Therefore the correct way to formulate
electostriction is
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(3) eI 1= QjklPkPI IQj, k,lI=l,2,3)
The Mjkl coefficients in eq. (1) ame not good constants except in linear dielectrics.

It is instructive to convert the fourth rank tensor coefficients to the more
mange matrix form

(4) ei= Qjj 2  (ij= 1-6)

When written out in full for cubic point group m3m, this becomes

e1 Q11 Q12 Q12 0 0 0 p1
2

82 Q12Q11Q12O0 0 0 P2
2

(5) 83 = Q12 Q12 Q1O 0 0 p32
C4 0 0 0 Q44 0 0 P2P3
8s 0 0 0 0 Q44 0P 3PI

&6 0 0 00 0 Q44 P1P2

In this expression el, e2 and 83 represent tensile strains along the [100], [010],
and [0011 axes, respectively. e4, e5 and e6 ae shear strains about the same thre
axes.

To understand the structure-propery relationship underlying
elc Mtiction, it is hePfu to visualize the atisc &en~ fcofiinsQi 1

Q2, andQ44. The high temperaur saucture of Pbf03 is pictured in Fig. 1 a.
Lead ions are located at the corners of the cubic unit cell, titanium ions at the
body-centered position, and oxygens at the face-center positions.

When an electric field is applied along [1001, polarization c poetP1
develops along the same axis. This in turn causes the unit cell to eogtbyan
amount Aa, and the resulting tensile strain is 81 - Aaa. Electrostrictive
coefficient Q1It is equal to el/P1

2. The drawing ii' Fig. lb makes it clear why
electrostnctive strain is prprinlto electric polarization rather than electric
field. Polarizaton and strain are both controlled by atomic displacemMnt

The atomnistic meaning Of Q12 and Q44 ar picturied in figs. I c and 1 d,
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Misconcepton #2. Large voltages are required to observe electrostriction.

This misconception arises from the fact that historically, the first
electroceramics were high voltage insulators made from low permittivity oxides
such as porcelain, glass, steatite, and alumina. To prevent breakdown, the
insulators were fabricated in large sizes, typically with 1-10 cm separation
between electrodes. Under these conditions the voltages required to induce
measurable electrostriction are huge, but the picture has changed in the last
decade.

Two factors have made the difference: sma'ler electrode separation and
higher permittivity. The introduction of thin and thick film technology, together
with tape-casting, has reduced the thickness of the dielectric constants to less than
50 pm with corresponding increases in the electric field levels. Fields of
megavolts/meter are common under these circumstances. At the same time, new
ferroelectric ceramics with dielectric constants in excess of 10,000 have raised the
polarization levels to new heights, further contributing to electrostriction swain.
As a result, strains of 10-3 to 10-2 are observed with relatively modest voltages.

Misconception #3 Electrostriction coefficients are about the same size for all
materiult

Misconception #4 Electrostriction coefficients are largest in ferroelectric solids
with high dieectric constants.

Q iI coefficients measured for normal oxides are several orders of
magnitude or more larger than those of ferrelectrics.

Q1 (m410 2)
Silica +12.8
Barim Tanam +0.11
Lead Magnesium ibte +0.009

Misconception #5 Materials with large electrostrictive coefficients produce the
biggest strains.

The Q coefficients are largest for non-ferroelectrics but relaxor
ferroelectrics like PMN have the largest strains. The following table lists typical
values of the electrostriction coefficients Q, the dielectric constant K, and
electrostricive strain e computed for a field of I MV/m.

nn-froelec-ic -10 -1010-
normal ferroelectric -10- -103  -10-5

rlaxorferoelectric -10-2 -104 -104
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Note that the product QK-100 m4/C2 is approximately a constant for all
three classes. To see why this is so, consider the following argument based on
the atomistic models in Fig 1.

Under the action of an applied electric field, the cations and anions in a
crystal structure are displaced in opposite directions by an amount Ar. It is this
displacement which is responsible for electric polarization (P), the dielectric
constant K, and the electrostrictive strain e. To a first approximation, all three are
proportional to Ar. The electrostriction coefficient 0 is therefore proportional to
l/K:

E (Ar) 1 1
0 Ar K

P2j (Ar)2

This means then, that QK is approximately constant, as indicated earlier.
Materials with high permittivity have small electrostriction coefficients but large
electrostrictive strain.

Misconception #6. Unlike piezoelectricity there is no converse electrostriction
effect.

In the direct piezoelectric effect an applied mechanical stress crk produces

an electric polarization Pi = dijk akl. The converse effect relates mechanical
strain to applied electric field, eij = dijk Ek. The piezoelectric coefficients dijA are
identical in the direct and converse effect because both originate from the same
term in the fill energy function:

F = . . .. + dijk Pi Ojk + ....-

Electrostriction and its converse effects arise from the free energy team

F = .. + Qjld Pi Pj COld + ....-

Taking the partial derivatives in different order leads to three equivalent
effects. The first is the normal electrostriction effect, the variation of strain with
polarization:

8 (d aF 9% i

The second is the stress dependence of the dielectric stiffness Nj, better known as
the reciprocal electric susceptibility:

48



ki ki~

The third effect is the polarization dependence of the piezoelectric voltage
coefficient gjW:

4L (W adF ap- L.
Thus there are mw converse effects for electostiction, and there are three ways
of evaluating the electrostrictive coefficients.

The three effects are used in three different applications: (1) the
electrostrictive micropositioner, (2) a capacitive stress gauge, and (3) a field-
tunable piezoelectic trnsducer.

Misconception #7 Thermal expansion effects make electrostrictive
nicoposioers and ste gauges imrctcal

This is true for normal oxide insulators but not for relaxor fenoelectrics.
For a normal oxide such as silica, the elec trictive cofient Q- 0m2/C2, the
dielectric constant K-10. and the thermal expansion coefficient oz-10-SK- 1. For
such a material the strain produced by an electric field of I MVIm is about 10-7 ,
which is equivalent to a temperature change of only 10.2 degrees. This would
pose severe problems in an actuat m r p oner, but the situation is quite
difrent for a feroeectric.

For PMN, Q - 10-2, K - 104 and a- 10-6 K -1. Therefore the
electrostrictive strain for a field of I MN/m is about 10-3 which is equivalent to a
temperature rise of I000! Relaxor ferroelectrics sometimes have an abnormally
low thermal expansion coefficient near the diffuse phase transformation where the
dielectric constant and the electrostrictive strain are unusually large.
Micopositioners made from ferroelectric ceramics are not troubled by small
variations in temperature.

ORIGINS OF NONLINEARIY

What do nonlinear materials have in common? The passively-smart PC
thermistor and ZnO varistor have grain boundaries a few nm thick, insulating
barriers that can be obliterated by the polarization charge. accompayin; a
ferroelectric phase transformation, or, in the case of the varistor, insulating
boundaries so thin they can be penetrated by quantum mechanical tunneling.
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Small size is also key factor in the nonlinear behavior of semiconductors.
The thin gate region in a transistor allows charge carriers to diffuse through
unimpeded. The p-region in an n-p-n transistor is thin compared to the diffusion
length in single crystal silicon. Similar size-related phenomena are observed in
quantum well structures made from GaAs and Gal.xAlxAs. Planar structures
with rnm-thick layers show channeling behavior of hot electrons in clear violation
of Ohm's law. Current - voltage relationships are highly nonlinear in many
submicron semiconductor structures. Ohm's law is a statistical law which relies
upon the assumption that the charge carriers make a sufficiently large number of
collisions to enable them to reach a terminal velocity characteristic of the material
When the size of the conduction is sufficiently small, compared to the mean free
path between collisions, the statistical assumption I reaks down, and Ohm's law
is violated.

Nonlinear behavior is also observed in thin film insulators where even a
modest voltage of 1-10 volts can result in huge electric fields of 100 MV/m or
more. This means that thin film dielectrics experience a far larger field than do
normal insulators, and causing the polarization to saturate and electric permitivity
to decline. Because of the high fields, electric breakdown becomes a greater
hazard, but this is partly counteracted by an increase in breakdown strength with
decreasing thickness. This comes about because the electrode equipotential
surfaces on a thin film dielectric are extremely close together, thereby eliminating
the asperities that lead to field concentration and breakdown.

The influence of nanometer-scale domains on the properties of relaxor
feroelectrics has already been made plain. Here the critical size paameter is the
size of the polarization fluctuations arising from thermal motions near the brood
ferroelectric phase transformation in PMN and similar oxides. The ordering of
Mg and Nb ions in the octahedral site of the PMN structure results in a chemical
inhomogeneous structure on a nm-scale, and this, in turn, influences the size of
the polarization fluctuations. Tightly coupled dipole.' within each Nb-rich portion
of this self-assembling nanocomposite behave like a superparaelectric solid. The
dipoles are strongly coupled to one another but not to the crystal lattice, and thus
they reorient together under the influence of temperature or electric field. this in
turn causes the large electric permittivities and large electrstrictive effects found
in relaxor ferroelectrics.

The importance of nanometer-scale fluctuations and the instabilities
associated with phase transformations is also apparent in the nonlinear elasticity
of rubber and other polymeric materials. The thermally-assisted movement of the
randomly oriented polymer chains under tensional stress results in large
compliance coefficients, but rubber gradually stiffens as the chains align with the
stress into pseudo-crystalline regions. The increase in stiffness with stress gives
rise to sizeable third order elastic constants in many amorphous polymers. The
effect depends markedly on temperature. On cooling, to lower temperatures
rubber and other amorphous polymers transform from a compliant rubber-like
material to a brittle glass-like phase which is of little use in nonlinear devices.
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Nonlinear behavior is also observed in magnetic and optical systems.
Superparamagnetic behavior, analogous to the suerparaelectric behavior of
relaxor ferroelectrics, is found in spin glasses, fine powder magnets, and
magnetic cluster materials. As in PMN, the magnetic dipoles are strongly coupled
to one another in nanometer-size complexes, but are not strongly coupled to the
lattice. Superparamagnetic solids display nonlinear magnetic susceptibilities and
unusual "AE" effects in which Young's modulus E can be controlled by magnetic
field. The effect is especially large in metallic glasses made from Fe-Si-B-C
alloys. The cluster size in spin glasses is in the nanometer range like those in
PMN.

Lead lanthanum zirconate titanate (PLZT) perovskites can be prepared as
transparent ceramics for electrooptic modulators. Quadratic nonlinear optic
behavior are observed in pseudocubic regions of the phase diagram which show
relaxor-like properties.

In summary, the nonlinear properties of electroceramics are often
associated with nanometer-scale structure and diffuse phase transformations.
Under these circumstances the structure is poised t n the verge of an instability
and responds readily to external influences such as electric or magnetic fields, or
mechanical stress.

The ready response of nonlinear ceramics allows the properties to be
tuned in space or time to optimize the behavior of the sensor-actuator systems
referred to by some as "very smart ceramics."
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DISCUSSION

p. Davi: Concerning the relaxor ferroelectric with cation ordering in the nanodomains,
the charge imbalance between the ordered and disordered regions bothers me a little bit.
Are we sure there are no oxygen deficiencies in these domains? Why are the ordered
domains stable?

g.L].wnham: Well, that's a good question. If you examine various ordered
configurations, say by model-building, you find the one-to-one pattern goes together very
nicely because there are six unit cells around each perovskite unit cell, making it easy to
pair things off. If you try, two-to-one ordering corresponding to the overall composition,
you find it is necessary to position niobium ions in neighboring octahedral sites. This
violates Paulings electrostatic valence rule and leads to charge imbalance on the atomic
scale.

What I'm pointing out is that if you look at other possible ordering schemes there are
problems with them, too, so it comes down to which is least unfavorable.

P. Day : Are we sure there are no oxygen deficiencies in the domains?

L,,wham: Well, I'll let Prof. Smyth comment on that, but I can tell you that these
relaxors are excellent insulators which will withstand very high voltages, and I think if
there were a lot of oxygen vacancies which were present we would be seeing conduction
and degradation phenomena which are not observed.

D.Smyl: Well, that's a question of continuity. You might have some motion within
the domain, but whether it would transport throughout the entire system, I don't know.
I don't think we have any direct evidence on that because it is difficult to probe these
very small areas.

D. What is the effect of grain size?

R.Ne]wnm: The samples we have prepared have normal grain sizes on the micron
scale. There have been studies of small grain sizes in ferroelectric ceramics and studies
of nanocomposite materials showing transitions from the multidomain regime, to single
domain, and to the superparaelectric regime. You have to ask in what temperature range
and in which size regime are you operating. In the high temperature regime, the
electrostrictive material behaves like a normal paraelectric, then on cooling, there is a
broad diffuse phase region with relaxor phenomena, and then at low temperatures it is a
normal ferroelectric with normal domain stucture. Then PMN behaves pretty much like
other ferroelectrics, but it is this broad diffuse range which comes about because of
nanometer scale structure, and which we think is analogous to similar phenomena
observed when ferroelectrics are prepared in very small particle sizes. This is what is
often called superpamelectricity with very large dielectric constants and very large
electrostrictive effects.
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Composite Electroceramicsv

Composite materials have found a number of structural PARALLEL

applications, but their use in the electronics industry
has been relatively limited. As the advantages and disad-
vantages of electroceramic composites are better under-
stood, we can expect this picture to change.

in this article we review some of the basic ideas un- R

delying composite electroceramics: sum and product SERIES K9
properties, connectivity patterns leading to field and
force concentration, the importance of periodicity and
scale in resonant structures, the symmetry of composite
materials and its influence on physical properties, poly- K Ks
chromatic percolation and coupled conduction paths in
composites, varistor action and other interfacial effects, A VOLUME FRACTION
coupled phase transformation phenomena in compos-
ites, and the important role that porosity and inner sur- fGU I Dielectric constant plotted as a
face area play in many composites. function of composition for aeries and paral-

lel mixing.

Sum and Product Propedes LEAD-THROUGH SEALS

The basic ideas underlying sum and product properties 1 F OAMED GLASS
were introduced by Van Suchtelen (1). For a sum prop- CERAMIC
erty, the composite property coefficient depends on the . " M
corresponding coefficients of its constituent phases,0 META

Thus the stiffness of a composite is governed by the elas- .8 GLASS
tic stffnesses of its component phases. WIRE

Product properties are more complex and more inter-
esting. The product properties of a composite involve a
different properties in its constituent phases, with the A.G
interactions between the phases often causing unex- 02.1 - O GLASS
pected results. In a magnetoelectric composite, for in- -w 1.00- AIR

stance, the magnetostrictive strain in one phase creates 5 00 100
an electric polarization in an adjacent piezoelectric % POROSITY (VOL %)

phase. Examples of sum and product phases are de- FIGURE 2 Dielectric constant of a porous
scriled in the following sections. &lass used in microwave lead-through seals.

(From Ref. 2.)

Sum Properties
The dielectric constant will be used to illustrate a simple GRAINS BOUNDARIES
sum property. Series and parallel mixing rules for the
dielectric constant are shown in Figure 1. The mixing 2000.
rules involve only the dielectric constants 14 and Ks of FERROELECTRIC
the two phases and their volume fractions vA and vs. BaTiOs
When plotted as a function of composition, the dielectric _
constant of the composite, , decreases smoothly from

0/, to its minimum value at 0. -100(
The series and parallel models represent extremes for - COM

the mixing rules. Maximum values am obtained with -

parallel mixing, and minimum with the series case. ANTIFERROELECTRIC
There are, of course, other mixing rules that lie between W NaNbO3N,,

these extremes. 
a

Two examples of dielectric composites are illustrated 00 - 40 0
in Figures 2 and 3. The microwave foamed glass in Figure BIAS FIELD 1KV/cm)
2 has an extremely low dielectric constant. By introduc-
ing 60 vol S porosity in a lithium aluminum silicate FIGURE 3 Composite capacitor dielectric

consisting of BaIi03 grains in a Na,%:bO 3 ma-
trix. The dielectric constant shows relatively

raprlnted frm Jounml of Marerials EdXucWion, 7, 80 11965). little variation with field.
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glass, its dielectric constant is reduced from 5.6 to 2.1 [21.
Decreasing the dielectric constant increases the speed of STEEL
electromagnetic waves traveling along conducting wires R -ER
embedded in the composite. The speed is doubled by 5 M /

replacing alumina (K - 9) with porous glass (g - 2).
Composite ceramics are also useful in high voltage

applications. The dielectric constant of Ba103 multi- 4

layer capacitors decreases substantially under high volt-
age fields, often by 100% or more. This is normal behav- =,
ior for ferroelectric materials where the polarization a
saturates, but antiferroelectric substances such as W
NaNbOW3 behave differently. The dielectric constant of so- a 2 /_1
as its metastable feroelectric structure begins to influ- W

ence the permittivity under high fields. > I -
Capacitor compositions with enhanced permittivity at

high fields have been manufactured from composites
made from BaTiO3 and NaNbO [31. Fast-firing a mixture 00 0 0 0 0 I
of BaTIOS and NaNbO3 causes the NaNbO3 to melt and Q2 04 06 as ,O
coat the grains of BaTiO3, producing a composite struc- VOLUME FRACTION FIBER V,
turie with ferroelectric grains and antiferroelectric grain 1GLJPR 4 Speed of suess waves in corn-
boundaries. By adjusting the composition and firing posite materials made from steel filaments in
schedule, a capacitor with field-independent permittiv- epoxy Waves traveling parallel to the fila-
ity is produced. Coating the grains With NaNbO3 p"- ments tavel faster than trnavere waves; the
vents growth of the BaT10 3 grains, further enhancing the transverse waves are slower ta waves in the
dielectric properties of the composite, and causing it to pUre epoxy maU*x (Fwcmi R. 4)
exceed both component phases at high voltages.

Combination Properties where Ef and E. are the Younes modulus values for the
For simple mixing rules, the properties of the composite fibers and matrix, respectively, pr and pi are the densi-
lie between those of its constituent phases. This is not ties, v is the fiber volume fraction, and
true for combination properties, which involve two or
more coefficients. Poisson's ratio is a good example of a (E,'L.) - i
combination property since it is equal to the ratio of two n =
compliance coefficlents. As is well known, some com-
posite materials have extremely small values of Poisson's
ratio, smaller than those of the materials used to make Experimental data [41 for composites made from steel
the composite, filaments embedded in epoxy conform closely to the

Another example of interest in electronic applications equations for v1L and v,. Note that vt, the wave velocity for
Is the acoustic wave velocity, which determines the reso- waves traveling transverse to the fibers, is less than the
nant frequency of piezoelectric devices. For a long thin velocity in both epoxy and steel, the two phases that
rod, the velocity of waves propagating along the length of make up the composite. The slowness of this wave is
the rod is v - (WOplO, where s Young's modulus and p caused by the fact that density and stiffness depend dif-
is the density. Fiber-reinforced composites often have ferently on volume fraction. This difference in mixing
very anisotropic wave velocities. Consider a compliant rules for E and p causes the combination property v, to
matrix material reinforced with parallel fibers. Long, thin lie outside the range of the end members. The longitudi-
rods fashioned from the composite have different prop- nal wave vL behaves more normally. In this case E and p
erties when the fibers are oriented parallel or perpendic- follow the same mixing rule and the values for vL lie
ular to the length of the rod. Much faster wave velocities between those of the end members.
are measured for longitudinal orientation than for trans- Another example of unusual wave behavior occurs in
verse orientation of the fibers (Fig. 4). For the longitudinal composite transducers made from poled feroelectric f-
case: bers embedded in an epoxy matrix (5). When driven in

thickness resonance, the reguarly spaced fibers excite
(E1 - E,,v1 + E. resonance modes in the polymer matrix, causing the
O f - pm)V +PM matrix to vibrate with much larger amplitude than

the piezoelectric fibers. The difference in compliance
and for transverse fibers: coefficients causes the nonpiezoelectric phase to re-

spond far more than the stiff ceramic piezoelectric. Com-
=/p. E,(1 + 2nvd posite materials am therefore capable of mechanical

V, pa + (or - p.='1 - nvo amplification.
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TABLE 1
Examples of Product Properties

Property of Property of Composite Product
phase I Phase UI Property

Thermal expansion Electrical conductivity Theirmistor
Magnetostriction Piezoelectricity MagnetoelectuicWt
Hall effect Electrical conductivity Magnetoresastance
Photoconductivty Electrosticion Photostriction
Superconductivity Adiabatic demagnetization Electrothermal effect
Piezoeiectricify Thermal expanision Pyroelectricity

Product Propertkes A second example of a product property is the super-
A product property utilizes diffierent properties on the conducting stabilizer developed by W. N. lAwliess 171. The
two phases of a composite to produce yet a third prop- superconducting cable made of Nb2$n is sheathed with a
erty through the interaction of the two phases. By corn_ paramagnetic ceramic of CdCrzO.. Temperature fluctua-
bining different Properties of two or more constituents, tions cause portions of the superconducting cable to
surprisingly large product properties are sometimes ob revert to normal metallic behavior, thereby decreasing
tained with a composite. Indeed, in a few cases, product te superconducting electric current and the surround-
properties are found in composites that ame entirely ab- ing magnetic field it generates. The decrease in magnetic
sent in the phases making up the composite. Table I is' field demagnetizes the paramagnetic CdCr2O, and
a few of the hundreds of possible product properties lowers its temperature. This in turn cools the Nb3Sn ca-

seveal f wich m dscrbed n te fllowng ars*%' ble, causing it to return to the superconducting state
graphs. Fg )

In the magnetoresistive field plate developed by Weis A magnetoelectric composite made from femioelectric
(1, a composite of InSb and NiSb is directionally solidi- BaTiO3 and ferrinagnetic cobalt titanium ferrite has
fied to form parallel NiSb needles in an InSb matrix. A been studied by scientists from PIlMPS L.aboratoiy 18,9]. A
long rectangular segment of the composite is electrocled dense intimate mixture of the perovskite and spinel-
across the ends, with the NiSh fibers parallel to the elec- structure phase was obtained by directional soldifica-
trodes and trverse to the length of the composite (Fg tion, and then electrically poled to make the BaTIOa
51. InSb Is a semiconductor with a large Hall effect, and Phase Piezoelectric IFig. 7). When a magnetic field is ap-
NiSb is metallic with large electrical conductivity, plied to the composite, the ferite grains change shape

When an electric current flows along the length of th because of magnetostrIction. The strain is passed along
bar, and a magnetic field Is applied perpendicular to th to the piezoelectric grains, resulting in an electrical po-
current and perpendicular to the NISb needles, the cur- larization. Magnetoelectric effects a hundred times
rent is deflected because of the Hall effect. Normally this larger than those in Cr,03 are obtained this way. Subse
would result in an electric field transverse to the current quent research (10] has led to the development of a
and the magnetic field, but the N15b needles short out broadband magnetic field probe with an exceptionally
the field. Electric current continues to be deflected as flat frequency response up to 650 kHz.
long as the magnetic field is present. The resulting prod-
uct property is a large magnetoresistance effect.

In~b ATRI C-.WO6sKaW

Nib NEEDLES * MM01
MAGNETIC FIELD

FIGURE 5 Magnetoresistille field plate [ckuOt

made from indium antimonide and nickel an- fUT c4c,"O'

timonide. Thbe plate is used as a magnetic FIGURE 6 Superconducting wire of Nb2Sn
field sensor and a noncontacting variable re- surrounded by a paramagnetic sheath of
sistor. CdCr2O.



COMPOSITE ELECTOCERAMICS 161

MAGNETIZED titles are stirred in and the composites pressed to re-
FERRIMAGNETIC move porosity. Graphite grains 45 to 215 Am in size were
I Co-Ti - F*)s, used in the study. A typical varialion of conductivity with
SPNEL composition is shown in Figure 8. At approximately 20

vol % graphite, the resistance decreases rapidly as the
o.ED FERROELECTRIC graphite particles begin to contact one another. This crit-
Ao ical volume fraction v, is referred to as the percolation

limit, and is evaluated by plotting conductivity on a lin-
ear scale versus volume fraction conducting filler (Fig. 8).

PRODUCT PROPERTY The electrical conductivity of composites rich in filler is
controlled by contacting graphite particles, whereas be-
low the percolation limit the conductivity is controlled

PLOFERITE CNANS by the polymer. Near the percolation limit the conductiv-
MAGNETIC SH4APE SEcau OF ity is controlled by thin polymer layers between graphite
FIELD MAGNIEOSTRICTION particles. As shown in Figure 8, the critical volume frac-

IK'NGEtion for 45 Am graphite particles is smaller than that for
215 Am particles.

FERRITE STESE I IThe smaller particles show segregated mixing. The
GRAINS POLARIATION effect of partice size on mixing is ilustrated in Figure 9,

.EAsT S~o i ,s which compares the situations when the conducting
particles are comparable in size to the insulating parti-

FIGURE 7 Magnetoelectric tranducer dles, and when the conducting particles are much
making use of the magnetostrictive effect of a smaller than the insulating particles. Percolation re-
feirrite mechanically coupled to piezoelectric quires a larger volume fraction when the two type of
bariumn titanate. particles are comparable in size. When the conducting

particles are small, they are forced into interstitial re-
gions between the insulating particles; this forces the

Transpoift Propetife, of Covaposite, conducting particles into contact with one another, re-
sulting in a low percolation limit.

Conductor-filled composites are discussed in this sec- These ideas ame borne out by experiments on copper
tion, emphasizing the importance of percolation in ran- particles embedded in a matrix of pobMnyI chloride 112).
dom and segregated mixes. Differential thermal expan- Figure 10 shows the resistivity of Cu-PVC composites
sion between matrix and filler sometimes leads to plotted as a function of volume fraction of copper. The
martable variations in resistance with temperature. critical volume fraction decreases markedly when the Cu

Composite FTC thermistors and humidity sensom based particles are far smaller than the polymer particles.
on these ideas are described in this section. When the size ratio is 35-1, the critical volume percent is

only 4% Cu. This highly segregated mixing establishes
Percolation and Segregated Mixing contact between conducting copper particles at a vry

low ratio of conductor to insulator.
Some of the principles can be illustrated with the work
on wax-graphite composites carried out by Rajagopa]
and Satyam fill. After melting the wax, the graphite par-

-01 .0 **

0.3-4~m 4I
andSaya 01) Atermetig hewa, te rahie ar

0.2 0 *-

~ 00 01% FILLER %FILLE"
02 03 04 05

VOLUME FRACTION FILLER v, (0| (b)

FIGURE 8 Electrical conductivity of wax- FIGURE 9 Mixing of (a) equal-size particles
graphite composites plotted as a function of and (b large and small particles. The percola-
composition. Critical volume fraction for per- lion limit is smaller when the conducting
colation is determined by extrapolating the particles are segregated into interstitial sites
conducdvity to zero. Wrom Wef. 11.) between larger insulating particles.
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_______________ FGURE 11 Comparison of the FTC effects

0 4 a 2 16 In BAlK), and carbon-polyethylene compos-
VOLUMiE Ca. PARTICLES Ites. The FMC effect b caused by the volwne

expansion of the polyethylene during an
FIGURE 10 Resistivity of Cu-PVC compos- unorphoua-aystalline phase transfornia-
ites for severa size ratio& of PVC-Cu parti- dn
dles Percolation occurs easily when the Cu
particle* wre small and concentrated in grain bulesdmaicnesnrsstyae

inday io s. (ram ef. 2.)observed in wax-graphite composites, where a threefold
irevase in resistivity occurs over a WfC temperature rise

(11). Not all composites show a PrC effect, however.

Composite Thermistors Metrite-Aliwnn compOsits 143 made by arc plasma
spray posses NTC behavior with a decrease of four or-

A second interesting effect is the dependence of electri- ders of magnitude in resistivity on heating from 1000 to
cal resistance on temperature. FTC thermistors are char- 300 X For composites containing 60 vol % FeaO4, the
acterized by a positive temperature coefficient of electli- magnetie pacles remain in contact throughout the
Cal resistance. Doped barium titanate (1a47O%) has a temperature rang.
usefu PIt effct in which the resistance undergoes a Combied iTC-PnC composites have also been con-
sudden increase of four ordedo of magnitude just above sncted 115). Vanadium sesquloxide (Va) has a metal-
the fenroeectric Curie temlpeture (130-0. 71he FrC ef semi-nductor transition near '160 K with a large in-
fect is case by inuaigSchottky barriers created by crease In conductivity on heating (16). This material can
oxidizin the grain budr rglnfl between conduct- be tIncorpotated in a composite by mixing V% powvder
ing gains of rame earth-doped BATIO,.- In an epoxy matrix. The filler particle are In contact at

Similar FIT effects ame observed when polymers are low tepratures and exhibit an NTC resistance change
loaded near the percolation limit with a conducting similar to that observed in VA% crystals and single-phase
filler. The Polyawitch ovefoad protector 113) is made ceramics. on heating above room temperature, the poly-
from high density polyeth~ylene with carbon filer. At ermatrix expands rapidly, pulling the v% grains
room temperature the carbon particles are In contact, apart and raising the resistance by many orders of mWg
giving resistMtles of only I fl-cm, but on heating the nitud.. This produces a FTC effect similar to that in the
polymer expands more rapkly than carbn, pulling the pobywitch composite. The net result is an NTC-FTC
carbon grains aparn and raising the reistvty. PlyethYl- thermistor with a conduction "window" In the range
oe expands very rapidly near 130TC. resulting in a pI)- -iofC to +loftC. This Is a good example of the use of
nounced Fit effect comparable to that of BaTIO,. A coupled phase traformations in composites.
rapid inarease in resistivity of six orders of magnitude Many interesting experiments remain to be done us-
occurs over a 30' temperature rise (Fig. Ill ing electroceramic fillers in polymer matrices. In addi-

As pointed out by Doljhick 113), the carbon-polyethyl- don to the conductor parnicles Just discussed, there are
ene FTC thermistor has several advantages over RaTIO,: interesting combinations of piezoelectric (eg., (11). meg.
(a) the room resistivity Is low. INbiIt shows FTC behavior netir, pyroejectric, ferroelectric, varistor, theirmistor, and
at high temperature, (c) the resistance is intsensitive to insulator fillers to be explored.
voltage, and (d) the device has good thermal shock resis-
tance. T'he principal drawback with Polyswitch compos- o wCmpse
ites seem to be the slow reovry time. Several hours arem ru Cmoie
required for the resistance to return to within 10% of its Composite humidity sensors have been synthesized by
iniia value at room temperature. The slow recovery of loading lithium fluoride with alumina (18). Differential
base resistance is caused by polymer melting followed thermal contraction of the LiF matrix and Al% filler
by secondary recrystallization and gradual reformation causes internal microcracks to open within the compos-
of the carbon black chains responsible for conduction. ite. The electrical resistance of this material is vesy sensi-
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FIGURE 12 Electrical resistance of AI)A-UF composites used as hu-
midity sensors.

tive to humidity (Fig. 12). Moisture penetrates into the patterns (Fig. 13) illustrate percolation in a diphasic
microcracks, Affecting the surface resistance. Conduc- solid. Three kinds of percolation are possible: (a) percola-
tion probably occurs by the Grotthus mechanism (H30+ tion through an all-white path, (b) percolation through
(-i-) H10 + H*) at low humidity levels, and by U ion an all-black path, and (c) percolation through a corn-
conduction in adsorbed water layers at high humidity. bined black-white path. From a composite point of view,
In any case, the ceramic alumina particles play an inter- the third possibility is the most interesting because it
eating role in the composite: their presence initiates the offers the possibility of disoveri g new phenomena that
microcracking responsible for increased surface conduc- are not present in either phase individually. Foremost
tion. among these effects are the interfacial phenomena,

Composite gas sensors have been constructed on sim- which arise by inserting a thin insulating layer between
liar principles [191. The addition of AIA to ZnO ceramics particles with high electrical conductivity. Varistors, PrC
stabilizes a porous microstructure ideal for adsorption- thermistors, and bounday-layer capacitors are exam-
desorption-type gas sensors. "he porous texture en- pies. In ceramic varistors, conducting ZnO grains are
hance the electrical conductivity to such an extent that surrounded by thin layers of Bi202 insulation. The tun-
the sensitvity to flammable gases is adversely affected, neling of electrons through this banier gives rise to the
but soaking the porous structure in a lithium-containing varistor effect.
solution increases the resistivity, resulting in a reproduc- The two-color patterns in Figure 13 show how perco-
ible gas sensor sensitive to methane, propane, and other lation depends on volume fraction for a random mix. As
hydrocarbon gases. pointed out earlier, the peroolation limit depends on

As pointed out by Yanagida 120, interactions between connectivity. Highly connected segregated mixtures have
two different materials can give rise to very unusual phe- lower percolation limits than random mixtures of low
nomena. Dispersing a basic rehctory (MNzg2O in an connectivity. Of the three kinds of transport paths, all
acid refactory ('oh) produces a composite humidity three may occur in a diphasic composite with equal pro-
sensor suitable for monitoring cooking in electric ovens, portions of the two constituents. As pictured in Figure

Contacts between p- and n4ype ceramic grains are 13a, there are all-white paths, all-black paths, and black-
also sensitve to humidity (21). The IV characteristics of white paths, with the last predominating. When one
ZnO (n-type and N1O (p-type) junctions change mark-
edly with humidity and exposure to flammable gases.

Another interesting composite in which the ceramic
filler plays an indirect role is the metal-ceramic contacts
used for high current switches (22). In one type. cad-
mium oxide particles are embedded in a silver metal
matrix. Large switching currents sometimes cause local-
ized melting. which welds the contact shut. When the
silver gSins melt in the composite, CdO grains are ex-
posed, lowering the current flow and preventing weld-
ing. Cadmium oxide decomposes to prevent surface
accumulation. This results in a blowing effect that
quenches arc formation. (b)

FIGURE 13 Black-and-white percolation
ychromatic Per'colation patterns drawn for randomly mixed particles

Transport by percolation through two or more materials of equal size and shape. The black/white mix-
can be visualized in terms of colon. Black and white Ing ratios are 550O in (aI and 15m85 in (b).
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found in a composite. Figure iSa shows a symmetnc
three-phase composite with low connect'Im.. On)%.
monocolor conduction composition regions are identi-
fied. Monocolor paths occur only when a high volume
fraction of the color in question is present. No mono-
color transport occurs for compositions near the center
of the ternary system, although bicolor and tricolor
paths are present.

The situation is very different for a tricolor system
33% 0 50%0 W 0 with high connectivity and easy percolation (Fig. 1SbJ, In
3%2 25s%8 1,0%8 this case, the percolating limits for monocolor transportoverlap to give regions in the ternary where two or three

to' 46) li monocolor conduction paths coexist. Bicolor and tri-
FIGURE 14 Tricolor percolation patterns color paths also exist in the system. Connectivity re-
drawn from randomly mixed particles of quirements for polychromatic percolation have been dis-
equal size and shape. Mixing ratios are (a) 33/ cussed from a theoretical viewpoint by Zalen (231.
33/33, (b) SO/Z/25, and (c) 80Oro/10. An example of coupled bicolor percolation is shown

in Figure 16. Consider the situation where an insulating
color outnumbers the other (Fig. 13b), the minority polymer matrix is paiiafly filled with two kinds of parti-
phase may lose its connectty as its volume fraction des. If the particles are of low connectivity, percolation
drops below the percolation limit. occurs only when the matrix is filled to high levels. The

Three-color percolation is Illustrated in Figure 14. conduction may be monocolor or bicolor, depending on
Seven kinds of conduction paths are possible: three the relative proportions of the two fillers.
monocolor, three bicolor, and one tricolor. %ben al For high connectivity fillers, conduction is much eas-
three colors are present in equal amounts (Fig. 14a), it is ier, and the ternary diagram possesses a region of over-
possible that there will be no monocolor transport. in lap for monocolor conduction. At lower levels of filling,
this case, bicolor and tricolor paths become important. there is also a region where only bicolor transport is
Monocolor conduction paths become increasingly in- possible.
portant as the volume fractions become unbalanced (Fig. An asymmetric percolation diagram is shomsn in Fig-
14b,c}. ure 16. Here one filler has high connectivity, the other

Ternary composition diagrams MFig. 15) are usefuin low. The high connectivity phase might be a finely di-
determining which types of conduction paths are to be ved material such as carbon; the low connectivitY

phase could be of coarser grain size.
An example of such a system is an easy-poling piezo-

electric composite made up of two kinds of particles
mixed in an insulating polymer matrix (241. The first kind

no N PERCOLATof particulate phase in a piezoelectric composite is PZT
COLOR (lead zirconate titanate), a feroelectric ceramic phase
PERCOLATION that must be poled to make it piezoelectrical active.

Poling is difficult because the PZT grains are not in good
li electrical contact; and when shielded by a po.ner, only

I.SUATING POLYMER MATRIX

ONLY CAST

PIRCOLATION

0OUSE P1COLAYWM

FIGURE 15 Ternay percolation diagrams
for tricolor composites. (a) A composite withlow connectivty shows single-color percola- z tu cqo .l'

tion only near end-member compositions. (bl LOW CONECTITY *MN CONNECTIVITY

High connectivity promotes percolation FIGURE 16 Ternary percolation diagram
throughout the diagram. AD three colors can for polymer-PZT-carbon composite. Corn-
percolate simultaneously near the center of posites can be poled in the I + I coupled
the diagram. percolation region.
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a stllall fraction of til' poling lield elletrates into the fnlt tIhit llost (if lie change in impedance lakes place
fenulecttic PT partics'. To aid in poling, a sniall ,ll higher volume fractions. Metal matrix hacking inate-
amount of a secomld 'onducLtive filler miirial is aded. ials avoid this problem. Using lead-indum-hased alloy
When a conductor is added anti the composite is as a nlataiLx with copper and tungsten fillers gave imped-
stressed, electrical contact is established between the ance values closely iatched to those of the transduc-
fen'oelectric grains, making poling possible IFig. l7a-cl. ers (251. Three-phase hacking materials such as this
Pressure sensors of greater sensitivity can be obtained in make excellent acoustic dampers with impedances in
this wav (24). the range of 20-45 X 106 kg/mz's.

Doubly filled composites are also used as backing ma-
terials for broadband piezoelectric transducers such as
PZT. To efficiently couple the backing material to the Symmetry of Composite Materials
transducer, it is necessary to match the acoustic imped-
ance of the backing to that of the piezoelectric. The A wide variety of symmetries are found in composite
acoustic impedance of an isotropic solid is given by materials. Examples of crystallographic groups, Curie
z = pr,, where p is the density and v the acoustic wave groups, black-and-white groups, and color groups will
velocity, be given, and the resulting effect on physical properties

Two-phase mixtures consisting of a polymer matrix discussed.
and a heavy metal filler provide the required high atten- In describing the symmetry of composite materials,
uation and a wide range of acoustic impedances. The the basic idea is Curie's principle of symmetry superpo-
filler particles scatter the acoustic waves efficiently, and sition: A composite material will exhibit only those sym-
polymers generally have high absorption coefficients; to- metry elements that are common to its constituent
gether the two provide the required high attenuation. phases and their geometrical arrangement.
Acoustic impedances of about 30 x l0 kg/m 2-s are re- The practical importance of Curie's principle rests on
quired to match piezoelectric transducers made from the resulting influence on physical properties. Generaliz-
PZT or LiNbO3, but it is not easy to obtain such values ing Neumann's law from crystal physics: The symmetry
with normal composite materials. In principle an epoxy- elements of any physical property of a composite must
tungsten composite can provide a wide range of acoustic include the symmetry elements of the point group of the
impedances 13-100 x 10'), but In practice it is difficult to composite. Applications of Neumann's law to single-
load the matrix to more than 70 vol % tungsten. It is crystal materials can be found in the book by Nye [26]. A

discussion of more wide-ranging topics concerning the
effects of symmetry has been given by Shubnlkov and

_. . .• cA *MiC Koptsik [27].

- _. "_ " Laminate Symmetry
0 a airr~llThe Idminated composites pictured in Figures IS, 19,

I"S" 1101 °.and 20 are good illustrations of composite symmetry. In

__E - o__POLYMER

(bI) :D oiRate9 MATRIX . GLASS
o 1o 1 I L FIBERS
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S it 0 Q .6 4 W OICTIOAL1

I O I 1 ToR THERMAL EXPANSION
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* Caillaig@n~
1b: Q Q(HOT

FIGURE 1? Pressed ternay composites
made by mixing PZT and carbon pardcles in -.........-.-.......
an epoxy matrix. (a) Carbon particles are FIGURE 18 (a) Unidirectonal laminate
small (- 5 pm) with low connectivity. When consistig of parallel glass fibers in an epoxy
pressed, Ib) the carbon particles are trapped matix. (bW The orthorhombic mmm symme-
between PZT grains to form conducting con- try of the composite Is maintained on heat-
tacts in the poling direction (c). Ing.
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the laminate is heated, it will change shape because of
themal expansion. Less expansion %%ill take place paral-
lel to the fiber axis because glass has a lower thermal
expansion and greater stiffness than polymer. The lami-
nate will therefore expand anisotropically, but it will not
change symmetry. The heated laminate continues to
conform to point group mmm.

A cross-ply laminate (Fig. 191 is made up of two unidi-
rectional laminates bonded together with the fiber axes
at 90*. Such a laminate belongs to tetragonal point group

a 42m. The fourfold inversion axis is perpendicular to the
laminated sheets and to both sets of glass fibers. Twofold
symmetry axes ar oriented perpendicular to the 4 axis
and at 45 to the fiber axes. The tetragonal symmetry is
maintained on heating. A double curvature distortion
occurs, but the symmetry elements of point group 42m
are not violated.

FIGURE 19 1a) Cross-ply laminate contain- Laminated composites with ±: 0 angle-ply alignment
ing orthogonal fibers in adjacent layers. (b) exhibit orthorhombic symmetry consistent with point
Double curvature occurs on heating, consis- group 222. In a -. 0 angle-ply laminate, the fibers in the
tent with 42m symmetry. first layer are oriented at an angle of ±-O with respect to

the edge of the laminate. Fibers in the second layer form
an angle of -0 with the edge and an angle of 29 with

a unidirectional laminate Fig. 18), the glass fibers am respect to the fibers in the first layer. Two twofold sym-
aligned parallel to one another, such that a laminate has metry axes bisect the fiber directions, with a third per-
orthorhombic symmetry (crystallographic point group pendicular to the laminated layers. When heated, the
mmm). Minor planes are oriented perpendicular to th layers twist, but the symmetry is unchanged (Fig. 20).
laminate normal, and perpendicular to an axis foamed The thermal strains of the three laminated composites
by the intersection of the other two minors. The physical just discussed are excellent examples of Neumann's law.
properties of a unidirectional laminate must therefore In all three cases the symmetry of the physical property
include the symmetry elements of point group mmm. If includes that of the point group of the composite. Other

properties of the composite obey Neumann's law as well.
The elastic properties of an angle-ply metal matrix am

*0 *SUIA~t LAG tAIE graphed in Figure 21. Younes moduli am plotted as a
function of the fiber angle 9. Maximum anisotropy in
Younes modulus is observed when the fibers in the adja-

cent layers are parallel to one another (09 0* or 9W). InaW this case the symmetry of the composite is clearly
LAVtP lAYVt orthorhombic, but as 0 approaches 45, the anisotropy

disappears until the symmetry becomes tetagonal at
a-. 9 = 45*, corresponding to the c=s-ly laminate situa-

tion.
The point groups for unidirectional laminates (mmmin,

cross-ply laminates 142m), and angle-ply laminates (2223
are examples of crystallographic symmetry in composite
materials. Mor complicated symmetry patterns have
been incorporated in three-dimensional weaves. Woven
carbon-carbon composites are made from carbon fibers
with infiltrated pyrolytic carbon (281. Aerospace engi-
neers have found that weaves with cubic geometries
show excellent ablation resistance. Cubic symmetry is
obtained by weaving the fibers in directions correspond-
ing to important symmetry directions in a cube. In one
such pattern, the fiber axes are aligned perpendicular to
one another along three nonintersecdig (100) direc-
tions. Another utilizes four nonintersectirig (111) dimc-

32 S"YrTR 1WI$I OAv MI tions as fiber directions. An even more complex weave is
b ON WAnAS obtaimd by combining the (100) and (<ia) patterns in a

FIGURE 20 (a) ± Dangle-ply lamnnate with seven-direcdonal weave with faceted stands. in the car-
2 symmetry. (bi Twisted curvmte deveks bon-carbon composites, 60-75% of the volume is occu-
when the temnperture Is raised. pied by carbon fibers.
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FIGURE 23 Honeycomb pressure sensor
extruded with tetragonal 4/mm symmetry~and then transversely poled to lgive ortho-

I ,,0 t,,,rhombic ram2 symmetry.

24 MPv
.... illustrates three of the extruded geometries with hexag-

aso M, onal, tetragonal, and orthorhombic symmetries. The
orthorhombic pattern (Fig. 22d) resembles the cellular
structure of wood in which e wal terminate on adja-
cent transverse walls. Such a structure has excellent e-

oo 900 sistance to mechanical and thermal shock.
ANGLE 4 Lead zirconate titanate (PZT) honeycomb ceramics

have been transformed into piezoelectric transducers by
FIGURE 21 Elastic properties of a boron electroding and poling. The symmetry of the honeycomb
fDber; aluminum matrix composite in t 0 transducers depends on the symmetry of the extruded
angle-ply configuration. Young's moduli (e honeycomb and also on the poling direction. For a
and E,,y) are plotted as a function of 9. The square honeycomb pattern, the symmetry of the un-
symmetry changes from orthorhombic ( poled eramic is tetragonal (4/mnmm) with fourfold axes
E ) to tetragonal W-. = Ey}) at 6 = 45O, corre- parallel to the extrusion direction. When poled parallel
sponding to cross-ply lamination, to the same direction, the symmetry changes to 4mm.

Longitudinally poled PZT composites have been investi-
gated by Shrout and coworkers (30). Trmsverely poled

Extruded Geometries composites filled with epoxy are especially sensitive to
Other types of symmetry elements can also be intro- hydrostatic pressure waves 1311 In this case the symme-
duced during processing. The extruded honeycomb ce- try belongs to orthorihombic point group mm2 (Fig. 231.
ramics used as catalytic substrates are an interesting ex- Not all composites have crystallographic symmetry.
ample (291. By suitably altering the die used in extruding Some belong to the seven limiting groups of ao-fold sym-
the ceramic slip, a large number of different symmetries metry axes (Fig. 24). The best known of the Curie groups
can be incorporated into the composite body when the
extruded form is filled with a second phase. Figure 22

(SI W 06l ®

7 VV ITI6,+
" 1 461 (d)

,FIGURE 22 (a) Elecumocramic bodies can
be extruded with many different symmetries.
Monolithic honeycomb patterns with (b hex-
agonal, (c) tetragonal. and (d) orthorhombic FIGURE 24 Curie groups showing sub-
symmetries are illustrated. group-supergroup relationships.
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are those %with spheiical t-z-in. cylindrical a/nill, sid tallize'd under a strung term)trature gradicnt %%ith polar
conical Ini sviinuetry 1271. The remaining four groups cystals growing like icicles into the interior finmn the
exhibit right- and left-handed characteristics that can surface. Certain glass-ceramic systems such as Ba i-
best be illustrated with various types of liquids. Size, and LizSi 2Os show sizable pyroelectric and piezo-

An ordinary liquid twater or benzene) has spherical electric effects when prepared in this manner. Polar
symmetry. In such a liquid, the molecules have no align- glass-ceramics belong to the Curie point gruup mm. the
ment or handedness; hence there are an infinite number point group of a polar vector. As the glass is crystallized
of =-fold axes and mirror planes, corresponding to Curie in a temperature gradient, it changes symmet.' from
group =-m. All other limiting groups are subgroups of spherical (mmm) to conical (=ml, the same as that of a
==m, as indicated in Figure 24. poled ferroelectic ceramic.

The mirror planes are lost when the liquid possesses
handedness. Dissolving sugar in water is a simple way of
imparting handedness to water. Though randomly ori-
ented in water, the sucrose molecules are all of the same Magnetic Curie Groups
handedness, thereby making the solution optically ac- Other physical forces can also be classified into Curie
tive. When dissolved in water, dextrose and levose-the group symmetries. The chart in Figure 25 is helpful in
right- and left-handed forms of sugar-give rise to the relating these symmetries. To describe the magnetic
enantiomorphic forms of point group 0=. This symmetry fields and properties, it is necessary to introduce the
can be imposed on a composite material by incorporat- black-and-white Curie groups. Magnetic fields are repre-
ing randomly oriented molecules with a handedness sented by axial vectors with symmetry -/mm'. The sym-
within the body. bol m' indicates that the mirror planes parallel to the

Point groups =@om and am ate consistent with ran- magnetic field are accompanied by time reversal. The
dor orientation of crystallites as well. A polycrystalline relationship between black-and-white Curie groups is
body of alumina (single-crystal symmetry 3m) belongs to shown in Figure 25. The symbol I' is added to the Curie
2=aom'. The symmetry group of polycystaline quartz (en- group symbols to indicate that in normal Curie groups
antiomorphic single-crystal Sroup 32) depends on the all symmetry elements occur twice, both with and uith-
relative population of right- and left-handed grains. If the out time reversal.
two were equal in population, as would normally be the Polar vectors such as temperature gradient or an dec-
case, the symmetry of a randomly oriented polycrystal- tric field belong to Curie group =ml'. Tensile stress is
line body would be omm. If left-handed grains were sys- represented by a second-rank tensor belonging to cylin-
tematically excluded, say by grinding up a right-handed duical group /mand'.
crystal the symmetry group would be a=. The symmetry superposition principle applies to the

Composite bodies with texture may belong to one of point groups In Figure 25. In the magnetoelectric coin-
the five remaining Curie groups: a1mm, mm, a/m, 2, or posites made from ferroelectric and ferromagnetic
4. All five groups have a special symmetry axis. Liquid posses, the symmetry of the poling fields is retained
crystals have orientational order, which conforms to Cu- through domain wall motion. If the electric and mag-
tie group symmetry. in nematic liquid crystals, the mole- netic poling fields are applied in the same direction, the
cules are parallel to one another, giving cylindrical sym- symmetry of the composite is =m'. When the poling
metry a/mr. When the molecules are parallel and polar, fields are perpendicular to one another, the symmetry
conical symmetry Isi) Is achieved. And if the liquid group is 2'mm'. This point group also applies to the
crystal molecules have handedness, or are stacked in NiSb-lnSb field plate described earlier.
helical fashion as in cholesteric liquids, then the symme-
try group is a2. Group 0/mi occurs in the unlikely cir-
cumstance that right- and left-handed molecules align
with opposite polarity. Certain fernoelectric crystals such
as PbsGeAh exhibit such ambidextrous behavior. The
lowest symmetry Curie group, polar point group m, oc-
curs in ferroelectric liquid crystals with handedness.

Mixed liquids can lead to some interesting symmetry , ,
changes. Mixing an enantiomorphic liquid (*=J with a ml ;DCM' f o
nematic liquid crystal (s/mm) creates a "mixed drink"
with symmetry 02 in accordance with the principle of
symmetry superposition. m'

Physical forces or fields can be assigned to erta :5Mm I .2I'
symmetry groups. As an example, consider a temper- ..-

ture gradient dr/dc. This is a vector that can be imped
on a composite material during processing, and if the '-

material has a "memory," the vector naur of the. QDM'1 COn,~~ ID2
perture gradient wm be retained after the temperatue
gradient Is rmoved. The polar lss-ceramIcs devel- FIGUE 25 Curie groups (solid obes) and
oped at Penn State illustrate the Idea 1321. A glass Is cs3%- their magnetic derlvtves (dashed boxes).



COF1117. 8aTiO., TALE 3
SINGLE CRYSTAL SINGLE CRYSTAL Number of independent P'roperty Coefficients
SINGLE DOMAIN SINGLE DOMAIN for the Fourteen Ma~gnetic Curie Groups,

4m I Magnetic

CO*0 atCurie Group iX

SINGLE CRYSTAL SINGLE CRYSTAL %= o o
MULTIDOMAIN MULTIDOMAIN 0 1 0o

n43c 0 1 0 0
ac-/mm' 0 2 1 1

CoFe,O. Ba001 =/MM 1 2 0 3
UNMAGNETIZED UNPOLED W/M'm 0 2 1 0

CERAMIC CERAMIC =/'mm 0 2 2 0
-nI2MI' =/M 1 2 1 4

=/m' 0 2 3 0
to*0 M 0 2 1 1

CEAICPLE M 1 2 2 3
CEAI 20 2 2 1

1 2 1 3
M1 2 3 4

MANEOEECRI Azia tensors ofrank 1.3. ard4 a~ra wpented by pymauwtismtLu.
CoF10-BrAnumantoelectricity (z 1. and piezomagretisau 00). Magnetic susceptibil-

'M. ity coefficients behave as a polar second-rank tensor.

FIGURE 26 Symmetry derivation for a
polycytalline Ba~fl0-CaFeO 4 mainnpamgntzetermc smmty rupaim'
tic composite poled and magnetized In par-.iigamgeie eai smer ru om'
aliel electric and magnetic fields. with a poled ferroelectric ceramic (Symmetry group

acm!'i, the symmetry of the composite is obtained by
retaining the symmetry elements common to both

To summarize the symmetry of composites, some groups: =cm'.
composites belong-.. to caystallographic point groups AnI interesting feature of this symmetry description
1cross-ply lamninate 42m), some to limiting groups (Polar is its effect on physical properties. According to
glass-ceramiucs mcm), and Some to black-and-white limit- Neumann's law, the symmetry of a physical property of a
ing groups (magnetoelectric composite acm'). Compos- mateia must include the symmietry elements of the
ites containing more than two phases can be described point group. The symmetry of a maignetized ceramic and
by color group symmetry. a poled ferroelectric both forbid the occurrence of

72e maognetoelectric composite described previously magnetoelectricity. but their combined symmetry (acm')
is an excellent illustration of the importance of symme- allows it. By incorporating materials of suitable symme-
try in composite materials. Figure 26 shows the change try in a composite, new and interesting product proper-
in symmietry going from domain single crystals of Co- ties can he expected to occur.
Fe2O. and DaTIO3 through multidomain and polycrystal- A listing of property coefficients for the Cunie groups
line states to a polycrystalline composite that has been and their magnetic analogues is presented in Tables Z
poled and magnetizedin parallel Eand Hfields. In com- and 3.

TABLE 2
Number of independent Property Coefficients Cnetvt
for the Seven Curie Groups"'

Curi Grup p £ dConnectivity 1331 is a key feature in property develop-
Curie ____Group________d___ ment in multiphase solids, since physical properties can

,wwr o 0o 2 o change by many orders of magnitude depending on the
a01 0 2 1 mianner in which connections are made. Imagine, for

0/rmml' 0 2 0 5 o instance, an electric wire in which the metallic conduc-
",e0 2 0 S 0 tor and Its rubber insulation were connected in series.

"Imi' 1 2 3 5 0 rather than in parallel. Obviously, its resistance would he
.10 a 2 1 5 2 fahier

101 2 4 S 2 Each phase in a composite may he self-connected in

Poa or of ru I d .W4 4 r qxm by precif zero, one, two, or three dimensions. It is natural to con-
1pi. pwm~ttvty W. piesoeomcti1dy NJi. Oaid utc comnpile W. fine attention to thrzee perpendicular axes because all
opted nediftmm1111 qice t consdoU~ an axial second-nok tan& property tensors &re referred to such systems. If we limnit.
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With altenlating layers of metal and ceramic is a %%a of
)I1lticing 2-2 connectivity. In this arrangement. both
phases air self-connected in the lateral X and Y duec-
tions but not connected perpendicular to the laver
along Z.

In 3-2 connectivit . one phase is three-dimensionally
connected, the other two. This pattern can be consid-
ered a modified multilaver pattern with 2-2 connectii.ty.
If holes are left in the layers of one phase, layers of the
second phase can connect through the holes. gi%ing

-- 2 three-dimensional connectivity.
The most complicated, and in many ways the most

interesting, pattern is 3-3 connectivity in which the two
phases form interpenetrating three-dimensional net-
works. Patterns of this type often occur in living systems
such as coral, where organic tissue and an inorganic

0-3 4-s skeleton interpenetrate one another. These structures
can be replicated in other materials using the lost-wax
method. The replamine process, as it is called, can also
be used to duplicate the connectivity patterns found in
foam, wood, and other porous materials [35.

3-3s (t" views) Stress Concentration
FIGURE 27 Ten connectivity patterns used The importance of stress concentration in composite
to describe the tensor properties of diphasic materials is weil known from structural studies, but its
composites. IFrom Wef. 33.) rlevance to electroceramics is not so obvious. Stress

concentration is a key feature of many of the piezoelec-
tric composites made from polymers and ferroelectric

the discussion to diphauic composites,* there am ten ceramics [34]. By focusing the stress on the piezoelectric
connectivities (33]: 0-0,1-0,2-0,3-0, 1-1,2-1,3-1, 2-2, phase, some of the piezoelectric coefficients can be en-

2-3, and 3-3. The ten different connectidvties are Was- hanced and others reduced (331.
trated in Figure 27, using a cube as the basic buildin As an example, consider the piezoelectric voltage co-

block. A 2-1 connectivity pattern, f has one efficient jm, relating electric field to applied stress. Both

phase self-connected in two-dimensional chains or fi- the tensile stress q3 and the resulting electric field E3 are

bers. The connectivity patterns am not Vnerlly unique. iarallel to the poling direction.
In the case of a 2-1 pattern, the fibers of the second If the two phases of the composite are arranged in

phase might be perpendicular to the layers of the first parallel, the stress acting on the more compliant phase

phase, as in Figure 27, or they might be parallel to the will be transferred to the stiffer phase. Under these cir-

Layers. cumnstances, the voltage coefficient is:
During the past few years we have been developing

processing techniques for making ceramic composites 3S3 3d 'V3dsa + d s ,

with different connectiles (34). Extrusion, tape casting, 3 , ('Vs,3 + 2V'IaaJ'V~e- + 2Vz

and replamine methods have been especially successful.
The 3-1 connectivity Pattern in Figure 27 is ideally In this expression the properties of the two phases are
suited to extrusion processing. A ceramic slip is ex- desinted with superscripts I and 2. Symbols T. 1d

truded through a die giving a three-dlimensionally con- 'an and 1s3 represent the volume fraction of phase 1
nected Pattern with o-Imensional holes, which can and its piezoelectric charge coefficient, electric permit-
later be filled with a second phase (see Fig. .31. tivity, and elastic compliance. The corresponding prop-

Another type of connectivity wel suited to processing erties of the second phase are V. 2d3, 2e33, and s3.
is the 2-2 pattern made up of alternating layers of the A composite of interest here is that of a feroelectrir
two phases. The tape casting of multilaye capacitors ceramic lphase 1) in parallel with a compliant polyme:

(phase 2). In this case 'du >> xd1 , Is3 << %33, '3 >>
sza, and:

CannectMft pattnm for mnm than two phas am sknilar to

"ie dphas penemm but mm runimeum. Thi amr 20 thre- d3
Phane patturra ad 35 buMphae petftnai. compared to fth to
two-hmM pathlt, i liMs 27. For n phas fth mnmber of =n TVi ' IV
cornctMi peatam k In + MSY3hL Thplsic cmnnectivty pat-
O'i ae inqxoait wtom eee, ode patterm om orpomed If 90% of the composite volume is polymer, then IV = 0.
in the diphasic run sjcwuna dicused Istw. and & is ten times larger than the voltage coefficient c
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the ceramic, jgu. lxcellent l)y(hlphone desigis ame ob- Perhaps even more important than these factors is the
tained in this way 1341. enhancement of elecrsostrictive effects. Electrostriction

Advantageous internal stress transfer can also he uti- is a second-order electromechanical coupling between
lized in pyroelectric coefficients. If the two phases have strain and electronic field. For small fields, electrostric-
different thermal expansion coefficients, there is stress tive strains are small compared to piezoelectric strain,
transfer between the phases that generates the electric but this is not true for the high fields generated in multi-
polarization through the piezoelectric effect. In this way layer transducers.
it is possible to make a composite pyroelectric in which Multilayer electrostrictive transducers 139) made from
neither phase is pyroelectric 1331. relaxor ferroelectrics such as lead magnesium niobate

IPMN) are capable of generating strains larger than PZT
IFig. 28). Since there are no domains in PMN, there are no

Electric Field Concentration "walk-off" effects in electrostrictive micropositioners.
Moreover, poling is not required, and there are no agingThe multilayer design used for ceramic capacitors is afl effects. The concentration of electric fields makes non-effective configuration for concentrating electric fields. linear effects increasinl important.

By interleaving metal electrodes and ceramic dielectrics, l ei

relatively modest voltages are capable of producing high
electric fields. Multilayer Thermistors

Multilayer piezoelectric transducers are made in the For many applications it is desirable to lower the room
same way as multilayer capacitors (36). The oxide pow- temperature resistance because the thermistor elements
der is mixed with an organic binder and tape-cast using are often connected in series with the circuit elements
a doctor blade configuration. After drying, the tape is they are designed to protect. It is possible, of course, to
stripped from thc substrate, and electrodes are applied lower the resistivity of the composite by altering the
with a screen printer and electrode ink. A number of components, but the resistivity cannot be lowered indefi-
pieces of tape are then stacked, pressed, and fied to nitely without degrading the FTC thermistor effect.
produce a ceramic with internal electrodes. After attach- The introduction of internal electrodes offers a way to
ing leads, the multilayer transducer is packaged and reduce the resistance per unit volume without affecting
poled. When compared to a simple piezoelectric trans- the temperature characteristics. Thermistor devices are
ducer, the multilayer transducer offers a number of ad- presently being fabricated as ceramic discs or as corn-
vantages: posite wafers. Recently we developed a way of making

multilayer BaTiO3 PIt thermistors (40) that grealy
1. The internal electrodes make it possible to gener- lowers the room temperature resistance. Barium titanate

ate larger fields for smaller voltages, eliminating the powder doped with rare-earth ions is mixed with an
need for -anmformers for high power transmittrs. organic binder and tape cast on gss slides. Electrodes
Ten volts across a tape-cast layer 100 pAm thick are then screen-printed on the tapes, folowed by stack-
produces an electric field of 10 V/m, not far from
the depoling field of Pr.

2. The higher capacitance inherent in a multilayer
design may also help in impedance matching. E.EosCTMNS-O v

3. Many different electrde designs can be used to O3PMN-OjPT

shape poling patterns, which In turn control the 0o4

mode of vibration and the ultrasonic beam pattern.
4. Additional design flexiility can be produced by

interleaving layers of different composition. One
can alternate ferroelectric and antiferroelectric lay-
ers, for instance, thereby increasing the depoling
field. WAL oWL X-OFF

. Grain-oriented piezoelectric ceramics can also be £W

tape cast into multilayer transducers. Enhaniced >
piezoelectric properties are obtained by aligning
the crystalltes parallel to the internal electrodes It PZT-6
(37). 0LEZOELECTRIC

6. Another advantage of the thin dielectric layers in a o
multilayer tnuuducer is improved electric break- 0 10 20
down stregth. Gerson and Marshal (381 measured EuCTRIC FIELD Ucv/m)
the breakdown strength of PZT as a function of
specimen thickness. The DC breakdown field for FIGURE 28 Comparison of electrostrictive
ceramics I cm thick was less than half that for I and piezoelectric micropositioners. Nonlin-
mm thick samples. It Is likely that the trend con- ear effects become important in multilayer
tinues to even thinner specimens, leading to ir- composites where the electric fields are
proved poling and more reliable transducers. large.
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ing. pressing. a.id tiring. "lie internal electrode conigu- (comtloiits while maximizi.g otheim. l'iczo hl.mtrc
ration is very sinilar to that of multilaver (:apacitors. cwmlposites marle imon iarallel fennelectric fibers hte

"1he basic itlea involhs comparison of a single-layer large (1,., c(,lli'ients and small d., values.
disk thermistor with a multilaver thernistor of the same 4. (:onccntratedfield andforce patterns are possihle
external dimensions. The multilayer device is assumed with canfully selected connectivities. Using internal
to have n ceramic layers and n + I electrodes. Let A electrodes, electrostrictive ceramics are capable of pro-
represent the area of the single-layer disc thermistor, I its ducing strains comparable to the best piezoelectrics.
thickness, and p the resistivity. The resistance of the disc Stress concentration is achieved by combining stiff and
thermistor is: compliant phases in parallel. A number of different hv-

drophone designs are based on this principle.
. Pt S. Periodicity and scale are important factors when

A composites are to be used at high frequencies where
resonance and interference effects occur. When the

For the multilaver thermistor, the total electroded area is wavelengths ae on the same scale as the component
nA (neglecting margins) and the thickness is tin (neglect- dimension, the composite no longer behaves like a uni-
ing the electrode thickness). The resistance of the multi- form solid. The colorful interference phenomena ob-

layer device is: served in opal and feldspar minerals are interesting ex-
amples of natural composites. Acoustic analogues occur

= tn) = in the PZT-polymer composites used as biomedical
r= A n- transducers.

6. Symmetry governs the physical properties of com-

The resistivity of the thermistor is lowered by a factor of posites just as it does in single crystals. The Curie princi-

I/n z with n - I internal electrodes, pIe of symmetry superposition and Neumann's law can

We have demonstrated the feasibility of this idea with be generalized to cover fine-scale composites, thereby

a multilayer device containing four tape-cast layers. As elucidating the nature of their tensor properties. As in

predicted, the resistance of the multilayer specimen is the case of magnetoelectric composites, sometimes the

approximately n2 (=16) times smaller with very little composite belongs to a symmetry group that is lower

change in the temperature characteristic. than any of its constituent phases. Unexpected product
properties occur under such circumstances.

7. Interfcial effects can lead to interesting barrier
phenomena in composites. ZnO-Bi z varistors and

SUuuIMz carbon-polymer FI thermistors are important exam-
ples of Schottky barrier effects. Barrier-layer capacitors

Some of the basic ideas underlying composite electro- made from conducting grains separated by thin insulat-
ceramics have been iustrated in this module. By way of ing grain boundaries are another example.
summary, we might state them as Ten Commandments: .& Polychromatic percolation is an interesting con-

cept that has yet to be fully explored. Composites fabri-
I. Sum properties involve the averaging of similar cated from two or more conducting phases can have

properties in the component phases, with the mixing several kinds of transport paths, both single-phase and
rules bounded by the series and parallel models. For a mixed, depending on percolation limits and volume frac-
simple sum property such as the dielectric constant, the tions. Carbon-PZT-polymer composites can be poled
dielectric constant of the composite lies between those because polychrornatic percolation establishes flux con-
of the individual phases. This is not true for combination tinuity through ferroelectric grains. The SiC-BeO corn-
properties based on two or more properties. Acoustic posites under development as substrate ceramics are an-
velocity depends on stiffness and density, and since the other example. These diphasic ceramics are excellent
mixing rules for these two properties are often different, thermal conductors and poor electrical conductors at
the acoustic velocity of a composite can be smaller than one and the same time. A thin layer of BeO-rich carbide
those of its constituent phases. separates the SiC grains, insulating them from one an-

. Product properties are even more complex be- other electrically, but providing a good acoustic imped-
cause three properties are Involved: different properties ance match ensuring phonon conduction.
in the constituent combine to yield a third property in 9. Coupled phase tr'ansformnations in polyphasic
the composite. In a magnetoelectric composite, the pi- solids introduce additional possibilities. Recently discov-
,-r-lectric effect I harium titanate acts on the magneto- ered NTC-FC composites made from V1O3 powder and
strictiv effect of cobalt hrrite to produce a composite embedded in polyethylene combine matrix and filler
magnetoelectric effect. materials with complementary properties. At low tem-

3. Connectmtypaners am a key feature of composite peratures the vanadium oxide particles are in a semicon-
eectroce-amlcs. The .elf-connectlvenesa of the phases ducting state and in intimate contact with one another.
determines whether series or parallel models apply, and On pasing through a semiconductor-metal transition,
thereby minimizes or maximizea the properties of the the electrical conductivity increases by five orders of
composite. The three-dimenslonal nature of the connec- magnitude. Further heating brings the polymer to a
tivity patterns makes It possible to minimis some tensor phase transformation, causing a rapid expansion in vol-
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ume and pulling the V:,. particles apart As a conse- 25 Y Bar-Cohen, D. A. Stubhs. and W. C. Hopps.J Acoust Soc
quence, the electrical conductiitv decreases dramati- Aner., 75, 162I 198l,

cally, by eight orders of magnitude. In addition to this 26. J. F. Nye, Phvical Proertes of Crystals, Oxford Universitv
'window material" with a controlled conductivity range. Press. 1957.
several other composites with coupled phase transfor- 27. A. V. Shul)nikov and V. A. Koptsik, Svmmetry' in Science and
mations were described. Art, Plenum Press, New York. 1974.

10. Porosity and inner surfaces play a special role in 28. J J. Gebhardl. A. C. S. Symposium Series 21, 1976. p. 212.
many electroceramic composites used as sensors. Hu-midiy snsor mae frm AzO3 nd F hae hgh iner 29. 1. hl. Lachman. R. D. Bagle, and R. M. Lewis. Bull. Amer.
midity sensors made from AI2Oj and [~iF have high inner Ceram. Soc., 60, 2OZ 119811.

surface area because of thermally induced fracture. The Cera. S t.. B n and 1 1.
highsurace reaand ygrscoic ntur of he alt 30. T. R. Shrout, L. J. Bowen, and W. A. Shulze, Mal. Res. Bull,

high surface area and hygroscopic nature of the salt 1, 1371 11980).
result in excellent moisture sensitiity of the electrical 1. A. Safari.
resistance. Chemical sensors based on similar principles 31. A Safari. A. Hailiyal. B. New ham, and I. M Lachman.Mat. Rles. Bull., 17, 302 119821.
can be constructed in the same way. Mt e.Bl. 1 0 18t

32. A. Hallival, A. S. Bhalla. and R. E. Newnham, Mat. Res. Bull.,

R. E. Newnham 18, 1007 11983.
33. R. E. Newnham, D. P. Skinner. and L. E. Cross, Mat. Res

Bull., 13, 525 (1978).
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TUNABLE TRANSDUCERS AS SMART MATERIALS
Michael Blaszkewcz Robert E. Newnham and Q.C. Xu

Materials Research Laboratoty
Pennsylvania State University
University Park, PA 16802

Abstrat can 'tune Its sensor and actuator functions in time
and space to optimize behavior. With the help of

A soUd-state tunable transducer has been memory elements and a feedbck system. a very
developed by incorporating an elasucally nonlinear smart material becomes smarter with age.
material, scone rubber. into an electroacoustic The distincUion between smart and very smart
transducer made from piezoelectric ceramics. The materials is essentially one between linear and
resonant frequency and mechanical Q of the nonlinear properties. This difference can be
transducer are tuned mechanically by applying a demonstrated in the behavior of strain with applied
unijadal compressive stress to the composite. The electric field In piezoelectric PZT (PbZro.STIO.503).
resonant frequency Is tuned electrically by placing a and electrostricUve PUN (PbMg.33Nbo.6703
piezoelectric actuator into the composite and varying ceramics. In hard PZ. the strain Is linearly
the magnitude of the d.c. bias. dependent to the applied electric field. Therefore.

the plezoelectric d33 coeficient. which Is equal to
the slope of the strain-electric field curve, Is

Int1[dultifl constant and cannot be tuned with a bias field.
However. PIN ceramics exhit very large

sense a change In the electrostrctive effects in which the strain Is
environment and. using a feedback system. make a proportod to the square of the electric
useful response with an actuator. Examples of polarizato The nonlinear relation between strain
passively smart and actively smart materials have and electri field can be used to tune the d33
been described In a recent review paper.(1) coefficient. n certain modified PUM ceramics.
eIaslX,.re al s hare e r these values range from zero at mo bias field to
mechanims or standby pheomena tiat enable the 150 pC/N at a bims feld of 4 kV/cm.
material to withstand a sudden change In the The tunable transducer described in this paper
eniraonmt. Ceramic varistors and positive is an example o a very smart materd. Silicone
temperature coeclent (PTC) thermistors are rubber, an elsticlly nonlinear matertaL has an
passively smart materls In which the electra) adjustabl elastic modulus enabling the transducer
resistance dlsrevesab with voltage (varstor) to be tuned in frequency and acutic impedance.
or tesperature (thermustor). When struck by WIMIII acoustic transducers which
lightning, a amnoxide varistor exh is a largemlypeodcr aeli p fVadecrease in Its e rcal resistance. and ae urn mlypeolccmtrasoeaiga
deraei t ,Wc-I eitne n h url resonance an used as fish fiders biomedicallasorse, totTi cha doped b rfi scanners, and sonar systems to search for objects 0(I _ ___ _wpt h o s c a s dopetn~ ed barium various size. "rese systems we limted in that the

titanate 1IOo). show a large Increase in elettrical rearit SkequnTheof opertion Sv limiteli a the
resistance at the ferroelectric-paraelectul' phase rt fneuecy ea a wel a th
h ansfmaton (- 1300 C. Mw increase m mechanical Or. are fixed and depend on the

resistance protects circuit elements against large geometry of the tansducer and ls complex stiffness.

current surgs. Varistors and PEC tbermistors The scatterit power of the target depends on the

funcion, as pa s mu t materials that use standby frqanc ean th aied
mecha ss- to prevent electrical breakdown. Amicoust Impedance. It is maximndUCUMMINNEW smart n,-Lk are used In automobile when the wavelength is approximately the sme size

suspension systems to controlled as the obect. Oblects of various sizes can be

compuiiace r nie shock absorber system. Te Identifl uaq the same transducer if the resonant

TEMS Cbytaw Electronic Modulated Suspension) frequency .me changed acrsdingly. By creating a
yte t Ma pleoelectc seno to monitor composite tnsducer whos resonant frequency and
re roughes. The sensor prduces a voltage fEQ be tuned om a wide range. the

which Is amplified in magnitude and altered In versatilty a transducer and Its Interrotion

Phahn. and then applied to a piezoelectric actuator. capablties can be vastly improed.
The actuator produs a hydrstatically enlarged
displacemmineut h ajssthe damping fore toDf~12~f~lC
the shock oosbdr system. All of these Imctoin
frm enin to hydraulic a4)utmmnt. takes place in can=D
less than 20 msee.less tat, 20OWLhe resonant fi-quency of a thickness mode

By Introducing a learning function Into smart iersnn rqec fatikesmd
material. te deee a( smartness is upgraded to tVansdi is gwIvm by.

very smart A Wart matlal senses a change in
the aelrmeut and responds by changing one or -
moe of Its prperty coemceants. Such a material r11



where t is the thickness. E Is CtM elastic modulus,
and p is the density. Previous studies of tunable MM
transducers by W.J. Fry et 1. (3) and E.P. Lanlna (4)
concentrated on varying the resonant frequency by
controlling the effecUve thickness of the transducer.
Fry et alN() used a liquid backing media (mercury)
which had an adjustable thickness. The object was Brass
to produce high Intensity ultrasound over a relatively
wide and continuous frequency range. This PZT- 4- Elastorner
ultrasound was to be projected Into a liquid medium.
A reduction In the resonant frequency from 80 kHz
to 40 klz was observed as the length of the mercury
(and, therefore, the effecUve thickness of the
system) was varied from w to 2.5 cm. Nut - fib

Lanina(4) described a tunable high-frequency.
high-power piezoelectric ceramic radiator for . Stress
nonlnear acoustic studies. The system was similar Bolt
to that of Fry et al.(3) but Instead of ome piezoelectric
ceramic plate and Its backing material. the system Fig. 1 The tunable transducer, the brass has an outer
consisted of two plezoelectric ceramic plates diameter (OD) of 22 mm. an inner diameter (ID) of 5
separated by a liquid matching layer. oil. The mm. and is 7.? mm thick. The PZ-5 piezoelectric
spacing of the plates was varied between 0.5 and 3 has an OD of 21 -m. an ID of5 mam. and Is 2.5 mm
mm. The addition of the second plezo-ceramic plate thick. The elastomer Is a rubber-metal laminate and
increased the radiation intensity by a factor of four is described In the text.
over that of a stnge plate. The resonant frequency
was varied from 1.7 Whz to 1.9 MHz by changing the
thlckness of the oil matching layer. Shock waves was solved by making a laminate incorporating a
were produced In a water-filled tank using this specially treated copper shim with a thin coatng of
device. polyimide to assist the adhesion with silicone rubber.

According to equation 1. the resonant The laminate was made in the following way. A
frequency can also be changed by varying the elastic silicone rubber-trtchloroethylene solution was
modulus or the density of the transducer. However, applied to the polylmIde coated side of two pieces of
neither of these properties can be easily tuned in the copper shim cut In the shape of a torold. ihis
piezoelectric ceramics or other standard transducer was allowed to set for one hour to let the solvent
materials Therefore. in our design a nonlinear evaporate. Then the two sides covered with silicone
elastic material (rubber) was Inoporated Into a rubber were sandwiched together and placed in a
multflayer composite transducer. die. This laminate was then hot-pressed at a

It has been shown that ultrathin (0.01-.05 mm) pressure of 37 Ufa and a temperature of 150 C for
rubber-meWai lamnates posaem more ironounced one hour. Reproducible behavior of the resonant
nonlinear behavior of the dastic modulus than frequency under applied stress was achieved with
orinr rubber or laminates containing rubber these composites.

2-4 mm thick (4) For eample. with rubber
layers 0.02 mm thick bonded to copper shim 0.08
n-n thick, we observed a change in the effective MechanicualmnMg
elastic modulus from 6 M)a to iS0 UPa under a
unlasxal compressive stress of 43 MPa "he resonant lrequency and rachancal 9 of

FIg 1 shows a schematic of the composite the composite transducer can be tuneL by applying a
multilayer transducer consisting of a rubber-metal mechanical blas WU 2.) The measurements in Fig. 2
laminate sandwiched between two Mr disks and a were performed by applying a uniama iess to the
bran head and talnsm. A stress boit is used to hold composite by tightening the stress bolt with a torque
the compoete together. In this configuration, the wrench. 7hen. the resonant frequency of the
effective elastic modulus of the rublbe, and therefore composite was determined by measuring the
of the compoet can be controlled by tightening the conductance as a function ffrequency with a
stress bolt to apply a asal compessive stress. Hewlett-Packard 4192A IF Impedance analyzer.

[t~hh .. tsl lmt~s**Madeline the "Ja'naftee

In ou initial attempts to control the resonant The tunable transducer can be modeled using
frequency with unia"dl stres, a layer of silicone an equivalent circult shorn in FIg. 3. The circuit
rubber (0.4 mm thick) was placed In between two shows only half the transducer sice it is symmetric.
PZ-5 disks. However. the data were not The rubber layers we modeled as a spring with zero
reproduclble from one run to the next because the mas. and the mechanical compliance of the ceramic
ruler layer was squeezed out from between the Pzr is neglected. The brass is modeled as having both
and did not contract back Into the composite when mass and mechanical compliance. It is further
the stres was decreaed. Under hiL h mechancl assumed that only the mechanical compliance of the
stress, the rubber was torn and permanently rubber changes appreciably with the applicatUon of

d. Similar Irreproduci results were stess. When the composite is at resonance the
with rubber-metal laminates made from mechanical compliance of the rubber is given by-

silicone rubber and brass show The problem in
both cas was the inability of the rubberlyer to

adhere to the FZr or the brass shim. The problem



50 30 Increase.

40- ElectricalTuing

20 Besides being able to tune the frequency30- mechanically. it Is also possible to tune it electrically,
A mululayer pleoelectuic actuator made of PZT was
incorporated Into the composite transducer to

20" produce an additional displacement after a
10 mechanical prestress has been applied FIg. 4).

o0 0
0 10 20 30 40 50 PZT- . IBIM

P(K~a)Rubber
FUg. 2 The resonant frequency and mechanical Q of
the tunable transducer. A rubber-metal laminate
consisting of 5 rubber layers (each 0.02 mm thick)
and 6 layers of copper shim (each 0.08 mm thick).

PZT
- Stack

CR~~f. C U 2 m e
Va1 2 Nut -~ Stress:J (21 Bolt

where es 2 xfr. Mc Is the mass of the ceramic. MB Fig. 4 The tunable transducer with the PZr actuator
Is the mass of the brass, and so is the mechanical stack Included. The stack Is 45 mm thick with an
compliance of the bran. OD of 32 -- and an ID of 6 um.

The actuator will expands when a d.c. electric
field I applied. A PZT stack of 42 ceramic torolds.
each 1 mm thick produces 10 pm motions (F. 5)
with 5W volts applied. The displacem t Is linear

Mc Mb/ MbU/2 with the applied volte with Just a small hysteresis.

OR ac as

- WAC

and. .. 0, . . . ..

Fig. 3 The equivalent circuit of a tunable transducer. I
At very law stres the rubber to Very compliant

and effectively SWe the uppe P= and brans from 01
the bottom. As the stress Icreases. so does the 0 100 200 300 400 500
mechmncal aiflies of the rubber and an additional
resonance appears at a tfequency much lower than DC Was Wrats)
the usual thickmes uode with a mechanical o that is
fAr less than that Of the PZT and bras. Both of these FIg 5 the displacement produced by the 42 layer
effects are caused by the deeased compliance of PZT actuator stack Notice the near linear behavior
the rubber and the coupling of the upper and lower and the alight hygtsis.
parts of the compolle. As the rubber stiffens, both
the resonant frequecy and th mechanical



There is a relaxation process that occurs when The reason for the small change in resonant
a mechanocal prestress is applied to this composite. frequency (approximately 350 Hz) was thought to be
It ts caut'ed by the epoxy between the torolds in the due to the geometry of the system in that the
PZT stack. The epoxy is used to hold the stack maximum stress Is now approximately at the center
together. Initially, the resonant frequency of the of the fll' stack rather than at the rubber-metal
composite tends to increase with time because of lamijnate. The transducer design was altered to
the hardening of the epoxy in response to the place the maximum stress at the rubber-metal
increased mechanical bias. Fg. 6 shows a plot of the laminate by incorporating a large piece of brass of
resonant frequency as a function of time at a the same dimensions as the PZr stack. F~g. 8 shows
prestress of 7 MNa and no d.c. voltage applied to the this design.
PZT stack. Typically. it takes about 12 hours for the
resonant frequency to stabilize. z

ftbba St2A~

154-

~15.2F1g. 8 The tunable tranducer consisting of a pzr
actuator stack and a brass cylinder of similar

1&.0 *dimensions.

14.81 The resonant frequency of this modified
0 20 40 60 8,0 100 12 0 trasducer remained relatively small £330Hzj for the

sa"me pressure and nubber thickness as the previous
tim (minutes) measureamt The total mass and/or relative

thickness Of the rubber to the transduce may be the
Fig. 6 The resonant Orequency as a function of time limiting factor in these cases and requires further
after a prestress of 7 MWa was applied to the Investigation.
composite.

Mterthe esonnt requncy e- ~ ~ 7Te tbl traducer can be compared with
Afte th reonat fequncy as tablixd. t tanscive sytem inthebiological world. The

Is possible to tune the frequency using the converse biosonar system of the flying bat is similar in
piezoelectuic prpryof the PZT stack. ftg 7 frequency and tunability to the tunable transducer.
shows the resonanit eqec as a function of the The bat emits chirp. at 30 kift and listens for the
d.c. voltage applied toithePZT Stack. return sigal to loateying Insects. The resonant

fre~y ismoduate by a decrease fromi 30 kif to
_________________20______near_ the end of each chirp.(Q Frequency

23.3 modulation provides superior signal-to,-nose ratios
and more precise timing of the return signal. The
bat modulates the frequiency by a4Jting the tension

23.2" applied to the memibrane in the larynx generating
the hir.. t te bginingofk chirp the musce

apply substantial tensiona to -the membrane. The
23.1-tension Is reesed at the enid Of the chip causing aU1' decrease In frequenc. The decrease takes place in
23.0mllliseconds.(7 We can mimic this frequency

modulation in the tunable transducer uisig an
electrWily drhiwn screwdriveir to tighten the stress
bolt. 7he stress is then released by reversing the

22.9,operation of the screwdriver in the same way the bat
relaxes the muscles that ppply tension to whe chiup-

22.1__ _ e8in memnbrae
Additional modifications are uanderway to

0 100 200 300 400 S0o convat the inext generation of very smart materials,
DC Mas(VOKOInto Intelligent materials. These transducers consist
DC Die WoW)of ceramic thin Sims. acting as sensors and

a1ctuators, deposited on silicon elips. These
ig.? T he resonant frequency plotted as a function intelligent maei ncorporate sensor and actuator

of d.c. voltage, me prestress was 7 UPa on a rubber- functions with the feedack electronics into an
metal lanate with a rubbe thickness of 0.02 mm.- Integrated composite transducer.
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Piezoelectric Composites with High Sensitivity and
High Capacitance for Use at High Pressures

Q. C. Xu, S. Yoshikawa, 1. R. Belsick, and R. E. Newnham, Member. IEEE

Abstrat-A new type of piezoelectric composite has been de- TABLE I
veloped for oceanographc applications. The composites have a CoMPARsON OFI • d, PRODUCr AMONG VARIOUS
large fure of merit (4, -&, or d, • SI/tan 6), a large dielectric PiZOELECTRIC MATRIALS

constant (K) and low dielectric loss, as well as great mechanical
strength. A shallow cavity between the PZT ceramics and thick Material d, -g, (x 10- m1/N)
metallic electrode Is designed to convert a portion of the -di- PTbs c -50,000
rection stress into a large radial and tangential stress of oppo- PZT -110
site sign, thereby causing the d3 and d3I contributions to d4 to PbTiO, - 1,800
add rather than subtract, and raising the figure of merit. The- Voided Thick PVDF - 5.000
oretical stress analysis was carried out using an axisymmetric
finite element method. Experimental results show that the 4, -
g, K and withstandable pressure are extremely high.

large velocity in the medium produces a high stress in the
ceramic. All five types of flextensional transducers de-

l. INTRODUCTnON scribed in [5) and [6) are designed to operate in the low
jdeR many hydrophone applications, there is a great frequency range below 10 kHz.
I 'demand for piezoelectric composites with a high hy- This paper describes a new type of piezoelectric ce-
drostatic piezoelectric charge coefficient (dh), high hydro- ramic-metal composite based on the principle of a flex-
static piezoelecuic voltage coefficient (g,), and high die- tensional transducer. The basic structure is described in
lectric constant (K) as well as a high pressure tolerance. Section I1 and has some similarity to a class V flexten-
In the last decade, several piezoelectric ceramic-polymer sional transducer 7]. A computer analysis of the stress in
composites with different connectivity patterns have been the composite was performed using the finite element
developed for hydrophone and medical transducer appli- method (FEM). The stress contours are described in Sec-
cations [1]-[4]. The advantages of these composites over tion 1m. In Section IV, the experimental results are pre-
ceramics include higher figure of merit di -g, to enhance sented to show that this type of composite can provide
the sensitivity, increased mechanical compliance, smaller very high db • 8% or d • gj/tan 6, [81 together with a
acoustic impedance for matching to water or tissue, and large capacitance and high withstanding pressure. Table I
lower transverse electromechanical coupling coefficient to compares the d • gi, values of the PZT-metal composite
reduce cross-talk noise and improve directivity of the with other commonly used transducer materials.
transducer array. Disadvantages of these ceramic-poly-
mer composite transducers however, are lower dielectric lu. BAsic PRINCIPLE
constant and lower pressure tolerance than their ceramic As is wellcounterparts. rsscompsedlofknown, PZT ceramics have high d33 and d31 ,

Flextensional a piezoelectric but their d, (= d33 + 2d3 1) values are only about 45 pC/N

ceramic and a shell structure exhibit good electro-acoustic because d3 and da3 have opposite signs. To enhance ,
performance [5], [61 in which the extensional vibration we have developed a PZT-metal composite with very
mode of a piezoelectric ceramic is coupled to the flexural shallow cavities between the PZT ceramic and thick metal

vibration mode of a metal or polymer shell. The shell is electrodes that convert a portion of the z-direction stress

used as a mechanical transformer for transforming the high into large radial stresses of opposite signs, thereby caus-
acoustic impedance of the ceramic to the low acoustic ing the d33 and d3, contributions to d to add rather than

impedance of the medium and for producing large volume subtract, leading to high d.

velocity. Or, when operated in the reverse direction, t A cross section view of the disk shaped PZT-metal
composite is shown in Fig. 1. The cylindrically symmet-

Mam1scr - received Augut 15, 1990; mvise Febem II. 1991; s- ric structure is designed to obtain an extensional vibration
ce;Ked May 7. 1991. This work was supponed in W by the Oe of mode of PZT, and high hydrostatic pressure tolerance.
Naval Resem and i pan by the Cete for &he Engieerilg of Elecuneic The height of the shallow cavity h is less than 150 Ism.
ad Acoutic Materials a the Penaylvasia State Univenity. The shallow cavity allows deformation of the metal elec-

The 1m11104 am wih dh Matrals Resesich Labansor. Pennylacm
Sam UsiveniAy. Usivermy Path. PA 16802. traode toward the ceramic disk by closing the cavity that

IEEE Log Number 902673. reduces stress amplification in the PZT and prevents

085-oIW9 30l .00 1991 IEEE
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Fig. 1. Geometry of the composite. F- -r - -*

Fig. 2. Simplified model for calculating Smsm trasformaio.
breakdown during shockwaves or very high hydrostatic

pressure. The concept of the stress transformation can be
explained in a simple manner using the cross section in plates are used as a mechanical transformer to transform
Fig. 2 and the following equations: the stress direction and amplitude, and also to adjust the

F_ h 2h acoustic value from a low impedance in the z-direction to
= d = d (1) a high impedance in planar direction.

F _ The lowest vibration mode of the composite is a flex-
2 tensional mode determined mainly by the stiffness of the

d PZT in a planar mode and the equivalent mass of the metal
Fdc P, 12 = W. T (2) plate. This equivalent mass is much larger than the real

2 2 mass of the metal plate, because the vibration velocity at

Sd i , d the central portion of the metal is much larger than the
= P N - P, (3) reference velocity in the PZT. The operating frequency

2h * arange of the composite is dependent on this flextensional

i Imode that is controlled by the cavity diameter d, the
=aP_ ta ot (4) height of the cavity h, the thickness of the metal h. and

the stiffness of the ceramic in planar mode.
Similarly Since the withstanding hydrostatic pressure Pa is an-

dother important parameter for the underseas application,
TP = N P,. (5) the stress amplification coefficient N cannot be designedtoo high. Transducers with large cavity diameters (d,)

The extensional stress is considered as "negative" here. have low flextensional resonant frequency, low P. and
Let T be the x-direction stress in PZT, then high dh.

The capacitance of the composite can be changed by
T a P. - N r PO r- T (6) adjusting the electrode area on the PZT surfaces, espe-

hp cially if the stress in the center portion of the PZT disk is
where P, is the acoustic pressure and N is a stress ampli- small.
fication parameter; N is approximately equal to I/tan at,
where a is the shallow cavity angle shown in Fig. 2; T IMl. STRESS ANALYSIS wrTH FEM
is the z-compoaent of stress in PZT and is given by A theoretical analysis of the PZT-brass composite was

T = Pa. (7) performed using the finite element analysis program, AN
SYS version 4.3 [9], [10). A one-quarter axially-sym-

The resulting polarization is d3 T, + d3 tTy + d33 TIS 2 /S, metric model is shown in Fig. 3. The mesh contained 640
where S is the surface area of the PZT and S2 is the surface quadrilateral-shaped elements with 729 nodal points. Half
area of the metal-PZT bond. of them are in the PZT. The triangular points are used to

Therefore "pin" the object and allow only parallel motion on the

S2Nd boundary when stresses are employed.
(dh). a di3S + 2d3111 - d (8) To simplify the analysis, the metal bonding layer is ne-

S Lglected, and a hydrostatic reference pressure of P. = I is
This estimate of (d%). explains the basic principle of applied to the model. Fig. 4 shows the stress contours in

the composite, but the experimental result of d% is much the radial (R) direction with a quadrupole pattern in the
smaller than (dA)., partly because N is much less than brass, and a sess concentration factor of about 20 at the
1/tan a for a thick metal electrode, tip point of the PZT and the brass. In the PZT, there are

The basic idea of the composite is to attempt to use both only extensional stresses in the radial R direction and very
the d 33 and d3, coefficients to obtain high di. Thick metal small stresses in the central portion of the ceramic. The



JPZT-brass composite samples with dimensions (Fig. 1):
d = I Imm, h. = 1.2 mm, hp = 1.1 mm, h = 100-150
itm, and four different cavity diameters d, = 7.6 mm
(large cavity), 5.8 mm (middle cavity), 4.1 mm (small
cavity), 2.5 mm (very small cavity) were fabricated for
the experiments. In order to obtain a thick bonding layer,
the brass plates were bonded to a PZT-5 disk with the

Fig. 3. Mesh USed for mIodelg P"r-bmUS m , capacitor electrode silver paste and fired at 6000C for 10
min. Brass was chosen for its lower thermal expansion

, 7.4 -0' coefficient (approximately 15 ppm/ C). After cooling,
WON the composite was encapsulated around its circumference

4 .44.. *-T _ with Spurs epoxy resin and cored at 90"C for morm than
8 hours. The composite was poled in oil at 150C with a

2.5 kV/mm electric field for about 15 min.
,zT--- The g, coefficient was determined using a dynamic ac

E technique. An electromagnetic driver was used as an ac

Fig. 4. Finite-element model of sum in R direction. stress generator to apply pressure waves to the sample and
a PZT standard, which were kept under a static pressure
(up to 1000 psi (7 MPa)) with a hydraulic press. The

" -t charge produced by the sample and the standard were
----- & buffered with an impedance converter, and the resulting

, - voltages measured on a Hewlett-Packard 3585A Spec-
trum Analyzer. The ratio of the voltages is proportional
to the gh coefficients. Accounting for the geometries ofA __ _ the sample and PZT standard, and the stray capacitance
of the holders, the g coefficient of the sample was cal-

Fig. 5. Fisie-demt model of am in dinxiioa. culated. Using the measured values of g,, the hydrostatic
piezoelectric coefficient, d,, was calculated from the re-
lation, -- t,.

e,,-* W, ,-A .- A question aris in how to compare the output of this
transducer with other piezoelectrics. Since gt is obtained
from the output voltage and the thickness of the composite
and stadard samples, we have chosen the thickness of

.4_ composite sample to be the same as the thickness of PZT
disk in order to retain the same dielectric constant as PZT.
Otherwise, g, will be three times less and the apparent

Pig. 6. Fmiu-deumm modet of muss . z direa, dielectric constant will be three times higher.
The experimental results presented in Figs. 7 and 8

tangential stresses (# direction) in Fig. 5 shows that there show that large cavity sizes lead to very large d and g,
are bending stresses in the brass, and extensional stresses values. Moreover, the dielectric constant exceeded 1500
in the PZT. The stress contours in the z-direction shown and tan 6 was less than 0.025. Fig. 9 shows the relation-
in Fig. 6 indicate that there are undesirable extensional ship between the d 3 value, measured at center point of
stresses in the PZT, and the stresses are concentrated with the sample with a Belincourt d33 meter using the electro-
a factor of about 15 at the tip of the cavity between the magnetic driver operating at a frequency of 100 Hz, and
PZT and brass. The stress analysis, which neglected the the d, value measured by the method just described. The
PZT-brass interface layer, shows that the material used as d33 value increases markedly with cavity diameter. Fig.
to bond the PZT and the brass should have greater com- 10 shows that the frequency of the* lowest flextensional
pliance than brass or PZT in order to reduce the stress mode decreases as the cavity diameter increases. There-
concentration factor and to obtain compressive stresses in fore, the larger cavity diameter composites possess a lower
the PZT along the z-diuection, thereby forming large ex- operating range.
tensional stresses in the PZT along the R- and 0-direc- Because the thermal expansion coefficient of brass is
tions. A thick bonding layer of a metal with lower elastic larger than the PZT (approximately 5-7 ppm/ C), com-
moduli metal leads to higher sensitivity in hydrophone ap- pressive prestresses are applied to PZT during the bond-
plications. ing process in R and 0 directions perpendicular to the pol-
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ing dlirection. Theme prestresses help to maintain the
polarization in the PZT. Fig. 11 shows that aging under
hydlestatic pressure at 350 psi (about 2.5 M0) was very

sma

Lastly, a planar amy was made for testing by embed-
ding four composite samples with large cavities in epoxy in ir and in water presented in Figs. 13 and 14 show that
resin (Eccogel 136.5-25, Emerson and Cummings, Inc.) the lowest flextemional mode was higher than 30 kHz and
(Fig. 12). The admi1ance and conductance of the ary that the resonant peak in water was flat. Since conduct-
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